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One of a series of advertisements in the public interest to show how Douglas works with all our military services and space agencies. 


Skybolt will be able to climb 
out of the atmosphere on 
a ballistic trajectory. Missile 
will have accuracy, will be 

simple to maintain and fire. 


Skyboit is designed to be 
launched from bombers 
1000 miles from target! 


Missile dives at hypersonic 
speed. Launch plane may now 
be bombing secondary target. 


Skybolt gives Strategic Air 
Command recall control 
over nuclear missiles 
beyond that provided by 
ground-launched ICBM’s. 


New Air Force Douglas Skybolt will extend ro 
of manned aircraft in Space Age defense 


Now under development, this new air-to-ground missile of 
nuclear capability could add years of usefulness to U.S. Air 
Force B-52s and the Royal Air Force Vulcan bombers. Four 
Skybolts can be launched from one B-52 at widely divergent 
targets. And since the missiles will be released as much as 
1000 miles from target, the bombers carrying them will be 
practically invulnerable to attack. 


DOUGLA 


MISSILE AND SPACE SYSTEMS « MILITARY AIRC 
DC-8 JETLINERS * TRANSPORT AIRCRAFT « 
ANTI-SUBMARINE SYSTEMS AIRCOMB®P 
GROUND SUPPORT EQUIPMENT 
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PIONEERING IN SPACE RESEARCH 


DEVELOPMENT OF LUNAR SPACECRAFT 


The “Ranger” series of spacecraft, designed first to 
explore the environment and later to land instrument cap- 
sules on the Moon, are now being developed and tested 
at Jet Propulsion Laboratory. 

Illustrated is a “Ranger” proof-test model undergoing 
design verification testing at the Laboratory. Here design 
features are tested and proved, operational procedures 
developed and handling experience gained for the actual 
construction of the initial flight spacecraft. 


This is one phase of JPL’s current assignment from the 
National Aeronautics and Space Administration—to be 
responsible for the Nation’s unmanned lunar, planetary 
and interplanetary exploration. 

An advanced program such as this provides numerous 
objectives and incentives for qualified engineers and sci- 
entists who are eager to help solve the complex problems 
of deep space exploration. 

Such men are welcome at JPL. 


JET PROPULSION LABORATORY 


Operated by the California Institute of Technology under contract with the National Aeronautics and Space Administration 


PASADENA, 


CALIFORNIA 


Employment opportunities for Engineers and Scientists interested in basic and applied research in these fields: 
COMMUNICATIONS « INSTRUMENTATION INFRARED ASTROPHYSICS GEOPHYSICS GEOCHEMISTRY 


e ASTRONOMY PROPULSION MASER e STRUCTURES*se PHYSICS « 
Send professional resume, with full qualifications and experience, for our immediate consideration 
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If you are interested in basic 
investigations into the fundamental 
nature of matter we invite an early 
contact. We can offer immediate staff 
appointments to at least 10 Ph.D’s 
with appropriate backgrounds. 


These positions have resulted from a 
number of significant scientific accom- 
plishments made in our laboratories in 
the last year. Thus, we need additional 
top scientists not only to work on 
major expansions in present investi- 
gations, but also to initiate programs 
in the many promising side avenues 
uncovered by each forward step. 


These current advances have resulted, 
we believe, from an environment tailored 
to the scientist. Independence of scien- 
tific action and thought is encouraged 
as are investigations into promising 


af” side areas. Complementary services are 
a available in depth and variety. 


Most of our research studies are 


| 
corporate-sponsored and projected over 
SC NTl STS long periods. Thus, they offer a 
personal stability not always associated 


for basic research _ with research in industry. 
in plasmas liquids solids It is possible that the combination of 


our environment and the opportunity 
a nd ga SES _ to work on these projects may help you 

add additional stature to your repu- 

tation. Why not write today to 

Mr. W. G. Walsh or call Hartford, 

Conn., J Ackson 8-4811, Ext. 7145. 


RESEARCH LABORATORIES 


UNITED AIRCRAFT CORPORATION 
400 Main Street, East Hartford 8, Conn. 
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First public disclosure of encouraging results from preliminary evaluation of an airship as a ‘‘flying wind tunnel’ for low-speed 
tests of V/STOL models came in an enlightening film report at the IAS 29th Annual Meeting last month, and hitherto unpublished 
still photos make up our cover. They show: (1) An airship in flight, test spar fully lowered with model in position for test. 
(2) A close-up of the 3-ft.-span generalized tilt wing V/STOL cargo aircraft from which much data have been obtained. (3) Model 
rotor currently being tested. (4) View from inside the airship car, showing rotor under test at end of model support tubing. The 
film narrated by Prof. David C. Hazen, MIAS, of Princeton University’s Aeronautical Engineering Dept., showed tests conducted 
im a manner analogous to standard wind-tunnel methodology. Prof. Hazen reported test results demonstrate conclusively that 
the airship supplies test conditions superior to those obtainable in wind tunnels—with low-level turbulence and without requirements 
for wind-tunnel wall corrections. The project is being carried out under an Office of Naval Research contract by Princeton Uni- 
versity (The James Forrestal Research Center) with the cooperation of the U.S. Naval Air Station (Airship Test and Develop- 
ment Dept.) at Lakehurst. A full-length article, “The Navy’s Flying Wind Tunnel,’ will appear exclusively in next month’s 
Aerospace Engineering. The authors are Lt. Comdrs. Frank Carter and Wayne Harrison, USN, of Lakehurst’s Airship Test 
and Development Dept., and Henry E. Payne, Forrestal Research Assistant. 
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COMPUTENCE ... TOTAL COMPETENCE IN COMPUTATION 


... provides effectiveness for new system of mobile defense against multiple airborne targets 


The program: MAULER, U.S. Army’s newest 
automatic-firing air defense system, involving 
missile-firing vehicles transported by air and 
parachuted into battle areas. Basic Burroughs 
contribution: design and production of the 
Miniaturized electronic computer systems which 
Will provide radar data processing and computa- 
tion for MAULER. Among special design features 
Will be the Burroughs Logi-Mod packaging 


Mauler is being developed by Convair- 
Pomona, Convair Division of General 
Dynamics, for ARGMA, an element of 
the Army Ordnance Missile Command. 


Burroughs 


technique, to protect sensitive computer compo- 
nents from shock during air transport and 
parachute drop. Behind the news: Still another 
vote of confidence in Burroughs Corporation’s 
Computence—total competence in computation— 
from basic research through production and field 
service to system management. Confidence in 
Burroughs performance, already proved in such 
vital programs as ATLAS, SAGE and ALRI. 


Burroughs—TM 


Burroughs Corporation 
“NEW DIMENSIONS / in computation for military systems” 
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the highest professional standards. Shown: Mars-Lumograph Dural 
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ing products. All are imported from West Germany and are made to meet Technico with adjustable Duralar degree indicator; Duralar erase’ 
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| EDITORIAL 


LEADERSHIP—the priceless ingredient 


-™ things have remained static in the past few 
years. The rate of change in all areas of science 
and technology has been fantastic. Never before 
have so many learned so much so fast. Particu- 
larly in the aerospace sciences, development has 
moved forward so rapidly that operation at ‘‘full 
throttle’ has been necessary to keep IAS activities 
abreast of events. In a near-chaotic environment, 
firm hands on the controls have been necessary to 
keep us on course. 

Your Institute has been most fortunate in the 
caliber of the men who have steered it through the 
uncertainties of the post-Sputnik era. We have 
had a series of IAS Presidents eminently qualified 
for the job in the framework of the times. They 
have been men of mature judgment, men of stature 
in their own right. They have carried heavy re- 
sponsibilities in government and in industry, but, 
in spite of the continuing demands from their own 
organizations, they have been willing to devote 
much time and energy to the affairs of the Institute. 
They honor us by serving us. To them we owe 
much. The continuing stability and purposeful 
direction of the Institute have stemmed from their 
intelligent guidance through these semihysterical 
years. 

General Donald Putt, our President for 1960, 
added immeasurably to this tradition. During a 
year in which he would have been exceedingly busy 
on his own Corporation’s affairs without any “help” 
from us, he always found time to devote to important 
IAS matters, and to participate in IAS activities 
from one end of the country to the other—and in 
some events outside the country as well. His long- 
time experience in dealing with people gave him an 
appreciation of the point of view of the member- 
ship at all levels. His intimate association with 
changing technological problems both in govern- 
ment and in industry, coupled with a disciplined 


+> 


and mature judgment, made him uniquely qualified 
to steer the Institute through a difficult period of 
its history. He has made a real contribution. We 
owe him a great debt of gratitude for what he has 
done for this organization. Fortunately, as a con- 
tinuing member of the Council, we will not lose the 
benefit of his interest and his experience, or of his 
advice. To you, Don, our profound thanks! 

Dr. H. Guyford Stever (‘“‘“Guy”’ to most of us), 
who took over on January 24, has long had associa- 
tion with IAS affairs as a Council member. One 
of the youngest men to hold the IAS presidency, 
he brings to the job an unusual combination of 
talent and experience. He is an eminent scientist 
in his own right. He is a teacher (a full Professor 
at M.I.T.) and an able educational administrator. 
He has been intimately involved in matters relating 
to air defense, missilry, and space technology both 
within the U.S. Government and on many inter- 
national missions. 
twice decorated. 

As a close student of a World in Transition, he is 
keenly aware of the need for improved channels of 
communication between the scientific community 
and government, for closer understanding between 
the scientist and the citizen at all levels. As a 
teacher in contact with younger engineers, he knows 
what young scientists and engineers in industry 
expect of their professional Society, and what the 
responsibilities of the Society should be toward its 
membership. As an aerospace scientist, he is well 
aware of the areas into which this professional 
Society should be heading. He has clear-cut, well- 
considered views on such matters. 

As he embarks on his official duties, we of the 
Staff pledge to him and to his associated officers our 
full cooperation in the execution of his program for 
the IAS in 1961. We are glad to have him aboard! 


—SPJ 


For such services he has been 
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Vehicle Design 


Hans Multhopp, AFIAS, The Martin Company 


Y HYPERSONIC is meant the velocity range where 
the flight velocity is quite large in comparison to the 
speed of sound. Actually, it is not easy to define the 
boundary between supersonic and hypersonic speeds. 
It might be more proper to relate this speed regime 
to that of space vehicles, for this is mainly why we 
are so interested in it today. For, basically, flying 
in the hypersonic range offers few attractions but 
many hardships. The future space traveler can 
avoid most of these on the way out if his vehicle is 
accelerated through this speed regime while already 
mostly above the atmosphere; any decent rocket 
booster does this quite naturally. However, for the 
return trip, the story is very different. Deceleration 
by rocketry, although feasible, is far too expensive. 
The hypersonic airplane is, therefore, primarily a re- 
entry vehicle, at least for the halfway foreseeable 
future. 

The most formidable problems associated with 
hypersonic speeds are, of course, severe aerodynamic 
heating and lack of maneuverability. In addition, 
the hypersonic airplane has to be an acceptable fly- 
ing machine in all the other speed regimes which it 
has to cover. This aspect is not always fully appre- 
ciated. For example, it makes little sense to go 
through all the problems of space flight and a satis- 
factory re-entry into our atmosphere in order to 
crash in the landing phase because of poor subsonic 
flying characteristics. In general, the hypersonic 
airplane has to fit all of these flight regimes: 


(1) orbital 

(2) hypersonic 

(3) supersonic-transonic 
(4) subsonic + landing 


AN ACKNOWLEDGMENT: Publication of this article, 
within a few days of actual presentation at last month’s IAS 
Annual Meeting, has been made possible only by the valuable 
assistance and cooperation of the author. 
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Mr. Multhopp, at present on the Advance; 
Programs Corporate Staff of The Marti 
Company, was Technical Director of th 
Space Flight Division which coordinated th 
team work done on the DynaSoar pro. 
ect. He started his professional career i; 
the Aerodynamische Versuchsanstalt Gotting. 
en under L. Prandtl, and later was affiliated 
with the Focke-Wulf Aircraft Co. where 
during the war, he was in charge of aero 
dynamics and advanced design. He spent4 
years in the Royal Aircraft Establishment in 
Farnborough, England, before joining Th 
Martin Company in 1950. Mr. Multhopp's main scientific contribution 
are in the field of wing theory and complex aerodynamic interferen: 
problems. 


The real art of designing a hypersonic airplane 
consists in the selection of the right compromise 
between often contradictory conditions. 
sion of some of these follows. 


A discus- 


Longitudinal Stability 

A familiar subject to all aircraft designs is the 
problem of longitudinal stability. In the days 0 
pure subsonic flight this meant simply the choice ¢ 
the c.g. range somewhere ahead of the aerodynam 
center which, except for some power-plant effects 
stayed essentially in one spot. 
transonic and low supersonic flight speeds, the aero 
dynamic center began to misbehave badly, movin 


from a fairly far forward location at subsonic speets 


to a considerably more aft spot at supersonic speeds 


Almost all the means to provide good supersonic pet- 


formance have an adverse effect on the aerodynam« 


center shift: The unstable moment from long slit 


fuselages increases proportionately with larger Mazi 
numbers because the wing-lift derivative goes down 


tail or canard surfaces show mostly adverse inter 


actions with the wing. The most powerful tool t 


restrict the aerodynamic center travel, considera 
ble wing sweep, is still only partly effective. We ob 
serve the unpleasant pitch-up at larger lift coefi 
cients at subsonic speeds because the flow separate 
early from the thin leading edge. The results of tht 
large aerodynamic center shift of supersonic aif 
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The real art of designing a hypersonic airplane consists in the 


selection of the right compromises between often contradictory conditions. 


planes (20-30 per cent of the mean aerodynamic 
chord is a typical order of magnitude) are large 
auxiliary power requirements for control surface 
actuation and very complicated control systems. 

It is only natural to expect more trouble of this 
kind in the hypersonic regime. We found, however, 
that a good compromise between subsonic and hyper- 
sonic conditions comes fairly easily. The main 
reason is the necessity to cope with hypersonic aero- 
dynamic heating. The wing leading edge is one of 
the most critical zones in this respect. The two most 
effective ways of keeping the heat input here at a 
tolerable level are considerable sweepback and 
bluntness. Now, sweepback helps to reduce the 
aerodynamic center of travel from subsonic to super- 
sonic flight conditions. If we also sweep back the 
trailing edge, we bring the theoretical aerodynamic 
center at subsonic speeds even closer to the center 
of gravity area, and a well rounded leading edge 
helps to prevent an early separation of the flow 
there and thus provides a fairly large lift coefficient 
range without pitch-up. 

What can be accomplished with some understand- 
ing of the problem can be seen in Figs. 2 and 3 which 
are wind tunnel measurements of the pitching mo- 
ments of the airplane configuration shown in Fig. 1, 
as tested in the Unitary Tunnel Group of the NASA 
Ames Laboratory, except for the tests at the hyper- 
sonic Mach number 9.6 which were made with a 
slightly different model in the Langley 11-in. hyper- 
sonic tunnel. For each of the Mach numbers, only 
the data for no elevator deflection and for one eleva- 
tor deflection which comes close to a trimmed flight 
condition are shown. Since the curves are not all 
linear, the quotation of an aerodynamic center is 
somewhat vague; therefore, the test data themselves 
are given. The approximate aerodynamic center 
locations for a trimmed flight condition are listed 
in Table 1, 

This aerodynamic center range, encompassing not 
more than about 7.5 percent (Continued on page 32) 


Fig. 1. Scale wind tunnel model of hypersonic airplane. 
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Fig. 2. Pitching moments about c.g. at 43 per cent M.A.C. Subsonic- 
transonic range. NACA-Ames unitary tunnels. 
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Fig. 1. Agena A satellite vehicle, 


= AGENA SATELLITE has been developed for the 
USAF Midas and Samos programs. It thus differs 
from other artificial satellites in that it is not pri- 
marily intended for exploration of space, but as a 
vehicle with which the Air Force can more effec- 
tively execute or extend some of its earth missions. 
Because of these ‘‘down-to-earth’’ functions, it has 
been necessary during its development to emphasize 
a number of special features and characteristics; 
the most important of these are: 

(1) The ability to achieve a predetermined orbit 
with good precision. In general, the preferred orbits 
are near-polar, although such orbits imply a con- 
siderable sacrifice in payload by comparison with the 
more usual easterly launch from Cape Canaveral. 
The preferred orbits are also usually almost cir- 
cular, imposing a requirement for high precision in 
the launch process; this is particularly significant 
when combined with a requirement for maximum 
payload on orbit, implying a very low-altitude orbit. 

(2) Stabilization of the vehicle in an “aircraft”’ 
mode—i.e., in such a manner that its orientation 
relative to the local vertical on earth does not 
change. This is to be contrasted with the simpler 
problem of stabilization to a fixed direction in space 
(for example, by spinning the vehicle), which would 
in general be more suitable for a deep-space mission. 

(3) High precision in vehicle position determina- 
tion and forecasting in orbit. 

(4) Command and monitoring of functions within 
the vehicle, either by preprograming or by in- 
struction from the ground during orbit. 

(5) Knowledge of environment within the vehicle, 
particularly local temperatures and pressures, and 
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Control, Guidance, and Navigation 


Some Experimental Results From 


Ronald Smelt, AFIAS, Lockheed Aircraft Corporation 


Col. Frederic C. E. Oder, USAF (Ret, 


development of techniques for prediction of environ- 
ment with alternative equipments and alternative 
types of orbit. 

(6) Recovery of components from orbit. 

The Agena satellite was originally planned t 
utilize only an Atlas booster. It was realized 2 years 
ago that by the use of the Thor missile, then at a 
much more advanced stage than Atlas, it would he 
possible to make earlier orbital experiments. Al- 
though the lower performance of Thor as a booster 
greatly reduced the carrying capacity of the vehicle, 


Smelt is Chief Scientist of Lockheed's 
» Missiles and Space Division with responsi- 
bility for advising and assisting divisional 
general management regarding technical- 
scientific-military data and requirements. 
He formerly was Manager, Satellite Sys- 
tems, directing and coordinating overall 
LMSD activities of this major weapon system 
research program. From 1958 to 1959, 
Mr. Smelt was the Division's Director of Re- 
search. Previously, he was Chief, Gas 
Dynamics Facility, for Aro, Inc., AEDC; Deputy 
Chief, Aeroballistic Research Dept. of the 
Naval Ordnance Lab.; and Chief, Guided Weapons Dept., in the 
Royal Aircraft Establishment. Born in Durham, England, he received 
an M.A. and a B.A, (mathematics) at King's College, Cambridge. 


Dr. Oder, Assistant to Director, R&D, Appara- 
tus and Optical Division of Eastman Kodak, 
coauthored the accompanying article while 
Assistant Deputy Commander for Space 
Programs, AFBMD, retiring last year as 
Colonel, USAF. He received a B.S. in 
science at California Institute of Technology 
in 1940, his M.S. there a year later, and a 
Ph.D. in 1952 at University of California, 
Los Angeles. Dr. Oder entered the Army 
Air Corps in 1940 as a student cadet at 
CLT. and was commissioned a second 
lieutenant the following year. His Air Force 
career included several periods of service in many aspects of research 
and development. 
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THE AGENA SATELLITE PROGRAM 


series of the Air Force-Lockheed program are discussed, 


so that Midas and Samos equipment could not be 
carried, it still offered the possibility of much earlier 
experimentation with the basic vehicle on orbit. 
In this way, the Discoverer series of Agena vehicles 
was introduced; their flights during the past year 
have permitted the engineering development of the 
vehicle, its precise injection into orbit, its stabiliza- 
tion and command, to be greatly advanced before 
flying it with the larger booster. 

In later paragraphs, some of the results of these 
first flights are described. Although Discoverer’s 
low-altitude, near-circular orbits are certainly not 
typical of all space exploration, most of its develop- 
ment work has direct application to the majority of 
space vehicles. In particular, the orbits which have 
been flown by the Discoverer vehicles resemble 
closely the first orbiting flights proposed in the Man- 
in-Space program; needless to say, Discoverer re- 
sults have been furnished to the ‘“‘Mercury”’ group. 


Short Description of the Agena Satellite 


Fig. 1 is a photograph of an Agena A satellite 
as used in the Discoverer program, and the Fig. 2 
line drawing gives overall dimensions. The entire 
center portion of the vehicle is occupied by the 
special dual fuel tank (Fig. 3) which contains suffi- 
cient propellants to operate the rocket engine for 
120 sec. The engine, developed by Bell Aircraft 
Company, was originally designed for use in a mis- 
sile project associated with the Hustler aircraft. 
Although it has undergone considerable develop- 
ment and modification as the Agena vehicle de- 
veloped, it is still occasionally referred to as the 
“Hustler engine.” It was selected for Agena largely 


The Agena satellite vehicle and some of the results of its first flights in the Discoverer 


along with experimental data on a number of practical space-flight problems. 


Fig. 4. One of the Discoverer series before launch. 
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Fig. 2. Overall dimensions of Agena A. 


on the basis of reliability (having had an unusually 
large number of development runs), although there 
was much discussion at that time on its turbine- 
pump fuel supply system as a potential source of 
unreliability. In fact, flight experience with the 
engine on Discoverer and Midas satellites has amply 
demonstrated that the choice of this engine was 
wise; the engine has never failed to start up, at alti- 
tude, and deliver its thrust when called upon to do 
so. 

Fig. 4 shows the Agena vehicle on the top of a 
Thor booster; the rocket motor and rear portion 
of the Agena are enclosed within an adapter section 
attached to the booster. Upon receipt of a separa- 
tion signal, and with retro-thrust applied to the 
booster adapter, the Agena rolls out of the adapter 
on rails, after exploding the retaining bolts. This 
simple scheme has been successful on every Dis- 
coverer. 

The stabilization system which enables the Agena 
vehicle to maintain its position relative to the local 
vertical depends primarily upon attitude informa- 
tion supplied by three orthogonal position gyros in 
an “‘inertial reference package.” The position signals 
from this package, combined in conventional manner 
with rate information from three orthogonally 
mounted rate gyros, are used to control the vehicle 
attitude through two alternative control systems. 
When the vehicle is coasting (during ascent, or on 
orbit) the error signals actuate cold gas reaction jets 
through specially designed proportional gas valves. 
Fig. 5 shows the assembly of three such jet con- 
trollers on one side of the vehicle; there is a corre- 
sponding unit on the otherside. The jets arefed bya 
mixture of dry nitrogen (N2) and tetrafluoromethane 
(CF,) stored at high pressure in a titanium sphere. 
The pitch and yaw moments provided by this con- 
trol system, although adequate for coasting flight, 
are not designed to overcome the asymmetry of the 
main rocket motor during powered flight. They are 
therefore locked out when the main motor is operat- 
ing, and pitch and yaw control is then obtained by 
two hydraulic servos moving the main engine nozzle. 

The method used to guide the Agena vehicle into 
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orbit, and its subsequent operations during orbit 
require the orientation of the vehicle to be change 
by command. These maneuvers are achieved } 
torquing the position gyros of the inertial refereng 
package in response to electrical command signak 
In particular, the continuous change in orientatio; 
in space required to maintain a fixed reference rely. 
tive to the local vertical is obtained by applying, 
continuous torque corresponding to a rate of pite) 
of about 4° per min. on Discoverer (the typical loy. 
altitude orbit of Discoverer has a period slighth 
greater than 90 min.). 

This steady rate of pitch of 4° per min. is only; 
rough approximation to the required pitch rat 
To provide accurate location relative to the locd 
vertical in pitch, and also to compensate for the drij 
in all three gyros of the inertial reference package, ; 
continuous indication of the local vertical is pro. 
vided by a horizon scanner. This scanner, develope 
by Advanced Technology Lab, measures directh 
deviations from the required attitude in pitch an( 
roll, and its error signals are applied to correct the 
positions of the pitch and roll gyros in the inertia 
reference package. The roll error signal from the 
horizon scanner is also fed to the yaw gyro, operat. 
ing in a “‘gyro-compassing’’ mode to correct an) 
deviation in yaw; note that any such deviation wil 
cause a component of the steady-pitch rate (4° pe 
min.) to appear as a roll rate, which is thus an indi 
cation of yaw error. 

In this system a drift rate of the position gyros 
or an inaccuracy in the pitch rate preprogramed t 
take account of the orbital motion, will result in an 


Fig. 3. 


Fuel tank for the Agena A. 
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offset in pitch, roll, or yaw, depending upon the gain 
of the horizon scanner coupling. In the Discoverer 
vehicles, the gains are set so that probable drift 
rates and errors will result in attitude errors of the 
order of 1° in pitch, 0.5° in roll, and 1.5 in yaw. 

In addition to the stabilization system, the Agena 
vehicle contains radio equipment for the telemetering 
of engineering and performance data back to ground 
stations, beacons to assist in tracking, and receiving 
equipment for commanding changes on orbit. This 
equipment is housed in the nose section of the 
vehicle, ahead of the fuel tank. In the Discoverer 
applications, the nose of the vehicle contains a 
separable capsule with a retrorocket, heat shield, 
and other devices required to permit it to re-enter 
from orbit. This capsule, shown in Fig. 6, is fur- 
nished by the General Electric Company. 

The foregoing paragraphs have given a brief de- 
scription of the Agena vehicle as it has been used 
for the majority of the flights of the Discoverer series. 
The vehicle itself, its power unit and its equipment, 
have developed steadily during these initial flights, 
so that later vehicles differ appreciably from the 
earlier versions in appearance and performance. As 
an example of this development, the first Discoverer 
vehicles utilized as propellants a combination of 
JP; fuel and nitric acid (IRFNA). Later vehicles 
changed to UDMH fuel, with appreciable improve- 
ment in the specific impulse and in the gross weight 
which could be put on orbit. An Agena B con- 
figuration has now been developed incorporating 
larger tanks, improved engine performance, and the 
ability to restart after shutdown of the engine to 


Fig. 6, 


Discoverer capsule, 


Fig. 5. Jet control assembly for the Agena. 


achieve high-altitude orbits. These developments 
in the vehicle have been paralleled by improvements 
in the capability of the Thor and Atlas boosters; as 
examples, modifications to the Atlas skin have per- 
mitted an increase in its gross weight capability and 
in the ability to fly without thermal damage on a 
lower boost trajectory for use with restart engines 
in the satellite stage. Changes in Thor fuel have 
given improved specific impulse and permitted the 
weight carrying capacity of the Discoverer series to 
be increased. The stabilization equipment of the 
Agena vehicle is also under continuing development, 
both to improve its precision and to increase its 
operating lifetime by decreasing the rate of con- 
sumption of control gas. 


Launch Experience 


Injection Technique 


Up to the time of writing, eleven Agena vehicles 
have been launched in the Discoverer program, and 
two in the Midas program. Although the ascent 
technique used by the Agena vehicle is substantially 
the same in both programs, there are significant dif- 
ferences in the method of utilizing the booster. In 
the Midas program, the Atlas booster is equipped 
with its full radio-inertial guidance system, pro- 
gramed to deliver the Agena second stage to a speci- 
fied point in space at separation, with a specific 
velocity, to a high degree of accuracy. In the Dis- 
coverer program, in the interest of maximum load- 
carrying capacity, the Thor booster does not con- 
tain its complete accurate guidance equipment, but 
follows a preprogramed ascent trajectory using only 
its autopilot. Again in the interest of load-carrying 
capacity, the Thor thrust is not cut off on attaining a 
required velocity; its fuel burns to near-exhaustion. 
The more rudimentary nature of the Thor ascent 
guidance, combined with the lower altitude of Dis- 
coverer orbits (again to permit a larger load) imply 
that the problem of injection into a satisfactory orbit 
is much more severe in (Continued on page 36) 
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Communications 


Use of Satellites in Commercial Communication: 


Leonard Jaffe 


National Aeronautics and Space Administration 


|. IS NOW GENERALLY RECOGNIZED that the world 
must soon make use of sate'lites for global com- 
munications. The increasing demand for inter- 
national and intercontinental communications and 
the inadequacy of cables and high-frequency radio 
and the dwindling radio spectrum available for hf 
radio have been expounded by the experts on many 
occasions. The satellite appears as a solution, but 
the manner in which this space technology should be 
brought to bear on the problem has been the subject 
of much discussion. 

This paper will attempt to discuss some of the 
considerations which perhaps are not quite obvious. 
Commercial interests must consider all of the param- 
eters; the applicability of a particular system to a 
particular type of communication; the suscepti- 
bility of the system to outages or down time; the 
availability of booster vehicles (rockets) with which 
to establish the system; and the economics of the 
system. The economic study must include not only 
the initial cost of the satellite system, but the 
ground facilities maintenance costs, the life of the 
satellite and, as a consequence, the replacement costs. 
Some of these parameters will change with time and 
available technology. Therefore, the choice of a 
system will depend heavily on the state of the art 
both in electronic equipment and in the capabilities 
of booster vehicles. 


Types of Systems 


Many communications satellite systems have been 
proposed, but for purposes of this paper I would like 
to categorize them as follows: 

(1) Synchronous-orbit active repeater satellites. 


AN ACKNOWLEDGMENT: Publication of this article, 
within a few days of actual presentation at last month’s 
IAS Annual Meeting, has been made possible only by the 
valuable assistance and cooperation of the author. 
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Mr. Jaffe is Chief, Communications Satelli: 
Program, Office of the Assistant Director fy 
Advanced Technology, NASA. Previously, 
was Chief, Data Systems Branch, Lewis i 
search Center, Cleveland, Ohio. He he 
specialized in research in the fields of ele 
tronic instrumentation, data and informatie 
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of computers. Mr. Jaffe joined NACA, pred 
ecessor of NASA, in 1948 as an aeronw 
tical research scientist at the Lewis facilis 
During his 11 years in Cleveland, he we 
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served as Head of the Automatic Data Handlix 


Physics Division; 
Section; and from 1956 to 1958, was Chief of the Data Systen 


Branch. A native of Cleveland, he graduated from Ohio State Us 
versity in 1948 with a Bachelor's degree in Electrical Engineering. 


(2) Nonsynchronous-orbit (low-altitude) active re 
peater satellites. 

(3) Nonsynchronous passive satellites. 

Conspicuously absent and finding no place in th 
aforementioned categories are the delayed repeat: 
satellites—e.g., Courier—and chaff systems. Th 
delayed repeater has not received substantial interes 
commercially. Even for telegraphy there is th 
desire for instantaneous communications. Chai 
systems would be of inherently limited capacity, at 
too little is known of the behavior or desirability 
chaff in space today. 

The discussion will, therefore, be limited to a com 
parison of the three types of systems listed. 


Synchronous-Orbit Active Satellite 


Fig. 1 shows the now classical description of th 
synchronous-orbit active repeater satellite system 
This concept would theoretically provide glob: 
coverage (with the exception of the polar regions 
with only three satellites spaced 120 deg. apart i 
the equatorial plane. At the altitude of 22,0l 
miles, the satellites would have the same period ? 
that of the earth’s relation and they would, therefor 
appear to remain fixed over a point on the earth 
equator. It has often been said that such a satelli 
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Future global communications via orbiting satellites will present systems choice problems of 


economics or maintenance and displacement. 


e synchronous-orbit active satellite 
e nonsychronous-orbit active satellite 
e nonsynchronous passive satellite 


Three types of systems are discussed— 


Satellite electronics and propulsion technology factors are also considered. 


system would permit the use of fixed antennas on 
the earth and, therefore, ground system mainte- 
nance costs could be kept to a minimum. 

The large propagation distance of this system 
makes necessary the use of an earth oriented an- 
tenna system aboard the satellite. This means that 
the satellite itself must be attitude stabilized. In 
addition, the velocity of the satellite must be period- 
ically adjusted to keep it nearly stationary with re- 
spect to the earth. Both of these controls, at pres- 
ent, require the employment of a propellant supply 
on the satellite. Not only will this propellant 
supply determine the life of the satellite, but it is 
generally recognized that these control systems are 
the weakest portion of such a satellite in terms of 
long-term reliability. Current cold gas and wheel 
systems will have an estimated life of one year. 

The long propagation path also presents another 
problem. The time delay for a signal to be sent to 
the satellite and received back on earth is approxi- 
mately 1/4 sec. Add to this a small time delay in- 
curred in ground distribution systems, and it will 
probably take at least 0.3 sec. for a signal to reach 
its destination if only one satellite is involved. The 
time required for the originator to receive a response, 
neglecting the time delay in any human machine 
on the other end of the line, is therefore 0.6 sec. 
If one wished to place a telephone call half-way 
round the earth, two satellites would be employed 
and the round-trip delay is a corresponding 1.2 sec. 
From a two-way telephone user standpoint, this is 
almost a ‘“‘push-to-talk”’ system. There is the addi- 
tional problem of providing much better echo sup- 
pression than currently exists in ground distribution 
systems. This order of delay with current echo sup- 
pression techniques is completely out of the ques- 
tion. We have had varying opinions as to whether 
such a system is acceptable for two-way telephony 
purposes even if the echo problem is eliminated. 

The long time delay is of little consequence for 


telegraphy, television, or data transmission. As a 
matter of fact, the constancy of the time delay 
makes synchronous-orbit systems appear most de- 
sirable for data transmission and television purposes. 
The varying time delay incurred in lower altitude 
nonsynchronous-orbit systems presents a_ serious 
problem. 

Next, let us examine the synchronous-orbits system 
with regard to the requirement for minimizing outage 
time. We can hypothecate reliable electronics 
aboard the satellite, or enough redundancy to ac- 
count for some electronic failure. The reliability of 
the three-satellites concept is still dependent on the 
attitude and position controls systems aboard the 
satellite. Should either of these fail, the system is 
lost. One could imagine a replacement satellite sit- 
ting on the launch pad in continuous readiness, but 
this is an extremely expen- (Continued on page 47) 


Fig. 1. Twenty-four hour synchronous-orbit satellite system. 
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Vehicle Design 


HOVERCRAFT—Some Design Problems 


R. Stanton Jones 


Westland Aircraft Limited, Saunders-Roe Division 


= theoretical and some early experimental 
work on GEM’s can be traced back as far as the be- 
ginning of this century, sustained and serious prac- 
tical work on these machines did not start until 1956— 
1958. Even then, the work was aimed, on the one 
hand, at idealized theoretical investigations and, on 
the other hand, at crude “‘back-yard’’ machines that 
delighted their makers if they succeeded in working 
at all, no matter how inefficiently. 

This period of initial groping with a new idea has 
been short-lived; the GEM industry is already de- 
veloping, and serious engineering thought is being 
given to producing economically competitive ve- 
hicles. At the present moment it is estimated that 
since 1958 about 40 different man-carrying, con- 
trollable ground effect machines have been built 
throughout the world. The majority of these are in 
the “‘back-yard stick and string” class and are little 
more than early experiments or amusing toys. 
There are probably only one or two which may be 
considered to be at all practical, and there are cer- 
tainly none which may be considered to be commer- 
cial. 

However, in about a year or so from now, there 
may be from three to six machines, either on the 
market or completing prototype construction, and 
it is only then that we shall really be able to see 
whether these vehicles merit a place in the transport 
system. 

Although there are many types of GEM’s whose 
basic characteristics have been covered in other 


The author wishes to acknowledge the very considerable 
assistance given by the members of the Saunders-Roe 
Design Dept. who were responsible for all the technical in- 
formation presented in this paper, and he would also like to 
thank D. Hennessey and C. S. Cockerell of Hovercraft Devel- 
opment Limited, and Westland Aircraft Limited who kindly 
allowed the paper to be published. 

Publication of this abridged work, within a few days of 
actual presentation at last month’s IAS Annual Meeting, has 
been made possible only by the valuable assistance and 
cooperation of the author. His complete paper is available 
from the Special Publications Dept. as IAS Paper No. 61-45. 
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Chief Designer of Saunders-Roe at the age 
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came in March, 1959. 


Symbols 
A = wave attenuation factor 
B = wave attenuation factor 
Cc = craft perimeter 
Cp = profile drag coefficient 
D = drag 
F = side force 
F(P) = bow impact force 
H or H; = jet total pressure 
AHauct = total pressure loss in duct 
§ = moment of inertia 
K = stiffness 
Ki, = stiffness in heave 
Ke = stiffness in pitch 
L = total lift 
M = pitching or rolling moment 
N = fan revolutions 
P = power 
Q = volume flow 
5 = cushion area 
T = thrust 
Tu = natural period (heave) 
Tp = natural period (pitch) 
V or Vo = craft forward speed 
V; = jet velocity 
W = weight 
b = cushion breadth 
d = craft diameter 
dest. = effective diameter 
= exponential 
g = gravity 
h = hover height 
ho = hover height at zero incidence 
hau = hover height at center 
ha = hover height at edge 
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Economically competitive hovercraft need not be as large as was once predicted. . . . 


It would appear that the optimum size for the simple peripheral jet machine 


is of the order of only 100 tons. 


publications—e.g., reference 1—this paper deals only 
with the problems which arise from the simple pe- 
ripheral jet system. This system is at present the 
most practical of all the GEM arrangements, and is 
certainly the one upon which most experimental and 


theoretical work has been done so far. 
Practical GEM Performance 


Ground Rules 
During the past year, a wide variety of detailed 


h; = depth of bow immersion 

hy = wave height 

k = speed parameter (q/p-) 

ky = constant 

kp = radius of gyration 

l = characteristic length 

m = mass flow 

n = height from c.g. to propeller centerline 
ny = c.g. height above craft flat bottom 

Pe = cushion pressure 

Peg = cushion pressure at zero incidence 

Pow = cushion pressure at incidence 

gorg = free-stream dynamic head 

QF = dynamic head issuing from fan 

tort; = jet thickness 

x = jet thickness parameter, ¢/h (1 + cos @) 
a = incidence 


Y = jet sweepback 


” = fan efficiency 

"1 = intake efficiency 

= duct efficiency 

Mvehiele = Vehicle efficiency 

6 = jet angle to horizontal, or pitch angle in section 
“Dynamic Stability Over Waves” 

= wavelength 

Uh = damping in heave 

Me = damping in pitch 

p = density in slugs 

= relative density 

L/D = lift/drag ratio [L/Dequiv. = LV/P] 

B.O.W. = basic operational weight = (all-up weight minus 


fuel and payload) 


design studies were made to determine the influence 
of the various important aerodynamic parameters. 
The basic assumptions or ground rules used were as 
follows: 

(1) Because all the craft were primarily intended 
for overwater operation, they all had pointed bows 
and their shapes were generally ogival. 

(2) An independent theoretical study indicated 
that if the peripheral lifting jets were angled back- 
ward to provide some propulsive thrust, then the 
optimum shape of the craft was ogival or diamond 
with a length to breadth ratio of between 2 and 3 to 1. 
Consequently all the craft in this study were made 
close to a 2:1 length to breadth ratio. 

(3) The remainder of the propulsion not provided 
by angled jets was assumed to be provided by vari- 
able pitch propellers designed to give about 80 per 
cent efficiency at a cruising condition of about 70 
knots. 


(4) The lift fans were (Continued on page 49) 
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Vehicle Design 


A multienvironment vehicle, the GEM could be designed for use in moving personnel, equipment, and artillery 


or small missiles on the world-wide variety of lerrains. 


An Approach to Operational Features 
Desirable in a Militarily Acceptable GEM 


Peter G. Fielding, AFIAS, Booz-Allen Applied Research, Inc. 


- SIGNIFICANT DEVELOPMENTS of the past few 
years relative to the ground effect phenomenon have 
established the GEM (ground effect machine) as a 
practical transportation vehicle when certain opera- 
tional limitations are accepted. The Saunders-Roe 
SR.N1 built for the National Research Development 
Corporation (Great Britain) as a research vehicle 
has clearly demonstrated the versatility of these 
vehicles by negotiating the English Channel and by 
conducting subsequent ‘‘over-the-beach”’ exercises. 

After witnessing beaching and sea trials of this 
vehicle in July 1960,there is no doubt in the author’s 
mind that a useful military vehicle could be built 
today provided objectives are within the current 
ranges of performance parameters. It is the purpose 
of this discussion to outline an approach to various 
operational problems confronting a military GEM 
and to discuss features considered desirable in certain 
military applications. 

The approach is based on Booz-Allen’s activities 
in the overall GEM field while under contract to the 
U.S. Army Transportation Corps, but the views 
expressed must be considered to be those of the 
author at the present time. 


Vehicle Environment 


Since military vehicles and their components are 
required to operate throughout a wide range of en- 
vironments, their design must prevent functional, 


AN ACKNOWLEDGMENT: Publication of this article, 
within a few days of actual presentation at last month’s IAS 
Annual Meeting, has been made possible only by the valuable 
assistance and cooperation of the author. 
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operational, and maintenance difficulties caused | 
extremes of these environments. In world-wi 
operation, such designs are subjected to the followi 
three types of environment, as diagramed in Fig 


(1) Natural environment, such as temperatw 
pressure, wind, solar radiation, lightning, humidit 
fog, icing, dew, rain, hail, sleet, snow, frost, salt spr: 
sand, dust, and fungus. 

(2) Induced environment, which is that char 
terized by component-generated high temperatu! 
static electricity, vibration, shock, acceleration, ¢ 
plosive vapors, nuclear radiation, sound, dust 4 
spray, and exhaust gases. 

(3) Combat environment, including the elements 
detection, vulnerability, protection against dama 
and field repairs. 


Determination of the influence of environmett 
conditions on the engineering design and militd 
utilization of GEM’s is a necessary first step int 
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Fig. 1. Vehicle environment spectrum. j 


determination of structure and other essential design 
criteria. 

While the GEM is generally thought of as a vehicle 
that is capable of carrying a crew, there are other 
applications which at first glance seem feasible, such 
as load-lifters in warehouses, ship cargo holds, and 
other cramped quarters. In these instances, environ- 
ment will play an important part in adapting the de- 
vice for such use, due pimarily to the surface dis- 
turbance. Another application might well be a 
vehicle designed for field use in moving wounded 
personnel, equipment, artillery, or small missiles. 
This particular vehicle could be guided, pushed, or 
towed by an individual soldier. Here the environ- 
ment of noise and surface disturbance imposes certain 
design restrictions, or at least design considerations. 
There appears to be a wide range of desirable vehicles 
provided environmental problems can be effectively 
understood and overcome. To ignore environmental 
implications in current designs would be to revert 
to “cut-and-try” development leading to a high 
attrition rate before military acceptable vehicles be- 
come a fait accompli. 

As outlined in Fig. 1, the natural environment of 
the GEM includes all the areas and conditions under 
which this class of vehicle is required to be operated. 
This will encompass not only the world-wide variety 
of terrains, but also the full scale of climate varia- 
tions, including the specific influences of tempera- 
ture, humidity, wind, and icing conditions. 

Operating in salt water environment, for instance, 
involves the problem of corrosion in addition to 
operating above the most severe sea conditions. 
From the corrosion point of view, although there are 


relatively large variations in temperature, salinity, 
and the growth of marine organisms from place to 
place, there are surprisingly small differences in the 
corrosion rate of common metals and alloys when 
they are immersed in salt water in different parts 
of the world. However, in salt spray, corrosion is 
usually accelerated as the water temperature rises. 
For coastal installations located less than 1,000 ft. 
inland, salt spray corrosion is usually a factor which 
must be considered. 

Average sea-state conditions vary with the seasons 
and location. For obvious reasons, designs for mili- 
tary applications must consider the worst conditions 
anticipated. Depending on the current and ocean 
area involved, sea conditions usually affect breakers 
and beaching operations in direct proportion, and 
indicate parameters which must be considered in the 
design of marine and amphibious vehicles. 

Overland operating environment includes the 
nature of the terrain and its surface material—rang- 
ing from snow, sand, and marsh to brush areas, 
ditches and ravines, and built-up areas. An im- 
portant consideration for military operations is the 
elevation of the terrain which will have a direct 
influence on the power plant output. Slopes of 
beaches and inland terrains are also important fac- 
tors in tactical operation. For some cases, con- 
sideration must be given to means of quickly clear- 
ing wooded areas and other terrains which offer 
obstructions to GEM operations. 

Climatic influences have a strong effect on GEM 
vehicles. The effects of temperature and humidity 
on the internal flow system and power plant must 
be known. In the presence of winds, provision must 
be made for adequate control of power to maintain 
the desired track. 

The problems associated with the land-water 
transition are particularly pertinent to the GEM. 
Previously discovered stability problems in this area 
must be resolved. Procedures must be developed 
to provide adequate power and clearance for over- 
the-beach and surfing operations as well as crossing 
rivers and lakes with shallow and steep banks. 

(Continued on page 57) 


Fig. 2. Suggested classification of GEM natural environment. 


CLASS DESCRIPTION 


FLAT-CALM WATER 
AT UNDISTURBED LAND WITH LITTLE 
OR NO VEGETATION OR OBSTRUCTIONS. 


xiv MOUNTAINOUS SEAS~WIND FORCE 
THAN. 12 

IRREGULAR TERRAIN-4 FOOT OR GREATER 

BOULDERS-STREWN WITH NO PATHS 


TWEEN GREATER THAN 6 FEET. 
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Fig. 1. 


- FIRST YEAR of the new decade has seen astro- 
nautics turn the corner and stride off toward im- 
mediate and practical applications of space serving 
man here on earth. The Echo and Courier satellites 
are paving the way for world-wide teletype, tele- 
phone, and television. The Tiros satellite is pioneer- 
ing world-wide weather coverage and possible weather 
predictions. The Explorer, Vanguard, and Greb 
satellites continue to produce new information on 
the space environment. 

Two Transit satellites are now in orbit, and are 
providing design data which will enable the early 
operational navigation of submerged submarines, 
surface ships, and aircraft. The purpose of this 
paper is to discuss the basic Doppler concept, the 
Transit navigation system operation, and some of the 
critical technical problems which are now being 
solved.t—> Also, recent results will be reviewed. 


Doppler Satellite Navigation 


The Transit satellite navigation system is based 
on the Doppler effect. Ifa satellite is transmitting a 
steady and constant frequency, a receiving station 
on earth listening to this rapidly moving satellite 
hears, as the satellite approaches, a frequency 
higher than this satellite frequency. After the satel- 
lite has passed and is receding in the distance, the 
receiving station hears a frequency which is lower 


AN ACKNOWLEDGMENT: Publication of this article, 
within a few days of actual presentation at last month’s IAS 
Annual Meeting, has been made possible only by the valuable 
assistance and cooperation of the author. 
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Control, Guidance, and Navigatiy 


John D. Nicolaides 


Bureau of Naval Weapo, 


PROJECT TRANSI 


Mr.‘ Nicolaides is Technical Director for Astro- 
nautics with the Bureau of Naval Weapons. 
He is an alumnus of Lehigh University and 
Johns Hopkins University (M.S.E.), and is a 
lecturer in missile flight and astrodynamics 
in the graduate schools of Maryland Uni- 
versity and Catholic University. After mili- 
tary service in World War Il as a naval 
officer, he joined the General Electric Com- 
pany as Project Engineer on Dragonfly 
(MX-802). Prior to the Korean War he 
entered government civilian service in re- 
search with Army Ordnance on the scientific 
staff of the Ballistic Research Laboratories, followed by service wit 
Navy Ordnance first as Chief Exterior Ballistician and later as 4 
sistant for Aerodynamics, Hydrodynamics, and Ballistics. His pres 
duties include Transit, Spasur, Greb, Sea Scout, Caleb, Hydra, a 
Anna, among others. 


than the satellite frequency. The actual satelli 
frequency is heard by the receiving station only: 
that instant when the satellite is at that point ini 
flight when it is closest to the receiving static 
Thus, the received frequency is in the form of « 
“S” curve. (Fig. 1) This same Doppler effect m: 
be noted in the sound from a passing jet aircraft, « 
automobile racer, or train whistle. The familiar ¢ 
pression for this change in frequency is given by 


fr—fs = Af = —(fs/c) p(t) 


= frequency received by ground station 
fs = frequency actually transmitted by satellit 
¢ = propagation velocity of electronic wave 
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Transit navigational satellites now in orbit have demonstrated the 

basic feasibility of the Doppler technique both fer the accurate tracking of 

satellites and for the precision navigation of submerged submarines, surface ships, 
slate and aircraft. The Doppler concept, the Transit system operation, 

and some primary technical problem areas are discussed. 


apy Recent progress toward an early operational system is reviewed. 


| Earth and aerospace navigational satellite system 


The slope of this Doppler curve is a maximum at the known location of the receiving station (tracking) or, 
point of closest approach (¢ = 0 in Fig. 1). It is 
known that this maximum slope of the Doppler 
curve is simply related to the distance of closest ap- 
proach of the satellite to the receiving station. 


conversely, one can obtain the position of the receiv- 
ing station with respect to the known location of the 
satellite (navigation). 


Thus, in principle, by recording the Doppler curve In actual practice this maximum slope is not so 
and measuring the maximum slope, one can either well determined that truly precision tracking or 
obtain the position of the satellite with respect to the navigation is possible. (Continued on page 60) 
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Operations 


Recoverable Air-Breathing Boosters 


Analysis of Their Potentialities 


C. W. Frick, AFIAS, and T. Strand, AIAS 


Convair, San Diego, A Division of General Dynamics Corp. 


A. ANALYSIS made of projected requirements for 
military space systems demonstrates the economic 
necessity of recovering booster hardware for reuse. 
The word recovery is used to imply the continued 
reuse of this hardware in the same sense as military 
aircraft are reused in successive missions. Whether 
or not such continued reuse means the recoverable 
booster must be manned is still to be determined. It 
does appear, however, that such boosters will be 
winged and use will be made of aerodynamic lift 
during the initial phase of boost. 

With regard to the propulsion systems most suita- 
ble for recoverable boosters, it is obvious, from an 
engineering standpoint, that since a rocket booster 
expends about 60 per cent of its energy within the 
earth’s atmosphere, a great saving in weight can be 
obtained by extracting the fuel oxidizer from the 
atmosphere and by using nitrogen as the working 
fluid of the propulsion system. However, from an 
economic standpoint, air-breathing engines may 
prove considerably more expensive than advanced 
rocket engines. The advisability of developing new 


Mr. Frick is Chief Technical Engineer of Con- 
vair, San Diego; previously he was Chief of 
Applied Research. In his present position he 
has responsibility for technical and adminis- 
trative supervision of the technical groups 
within the Engineering Department, with the 
exception of the work in Physics and Struc- 
tures. In this capacity, he has been con- 
cerned with Convair's efforts in recoverable 
booster studies, as well as with other ad- 
vanced programs. Mr. Frick is the author of 
many technical papers, including a number 
published as NASA reports during the time 
he was a senior member of the staff of the Ames Research Center. He 
was educated at Kansas State College, where he received a B.S. in 
mechanical engineering, and in 1938-1940 he was the Ethy! Gasoline 
Corp. Fellow at Stanford University, receiving an Aeronautical Engineer- 
ing degree in 1940. Mr. Frick has served on several NASA research 
advisory committees and in 1953 represented NASA in discussions with 
the RAE research center in England relative to guided missile technology. 
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air-breathing engines will depend upon estimates 
future military requirements for orbiting systems, 

This study evaluates the potentialities of a 
breathing boosters which use the currently best 
pected air-breathing engine technology in compat 
son with rockets. It should be noted that there a 
more sophisticated air-breathing systems bei 
studied which promise even greater economy. Tk 
technical analysis of these systems is not sufficient) 
complete to warrant discussion at the present tim 


Analysis 


Assumptions 


A number of assumptions are made to arrive ata 
analytic solution for the performance of the boost 


system. In _ general, these assumptions wet 


judged to be conservative except where an advance 
technology was assumed—for example, the estima 
of ram-jet performance at velocities greater tha 
8,000 [t./sec. 


These assumptions are: 


Mr. Strand is at present Director of Reseot 
of the Vehicle Research Corp. in Pasadew 
Calif. His formal education consists of 
B.S. in aeronautical engineering, M 
(1947), an M.S. in aeronautical engineer 
(1948) and an A.E. in aeronautical engine: 
ing (1954), both from C.I.T. Between 19! 
and 1956, he was employed as an ce 
nautical engineer at Boeing Aircraft, Seat 
working as an aerodynamicist on superso 
chemical, and nuclear powered bomb: 
From 1956 to early 1960, he was a Desi 
Specialist engaged in research at Conv 
San Diego, when he coauthored this paper. His research in theoreti’ 
aerodynamics included work on supersonic drag due fo lift, supers 
wave drag, and jet flap studies. Recently he has specialized inl 
speed aerodynamics and is recognized nationally for his efforts in’ 
aerodynamics of VTOL aircraft and ground effect machines. * 
Strand was a fighter pilot in the Royal Norwegian Air Force dur 
World War Il. 
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What are the potential economies that can be achieved 


through the use of air-breathing recoverable 


boosters with ram-jet engines of the projected best technology? 


HYBRID}-——RAMJET — ROCKET —| 


ALTITUDE 


VELOCITY 


HYDROGEN FUEL 


_ BEST ESTIMATE USING MOLLIER 
DIAGRAM (SUPERSONIC BURNING) 


=) 

— 
= 
YU 
al 
x 


6 8 10 12 
VELOCITY ~1000 FT/SEC. 


Fig. 1 (top). Trajectory analyzed. 
Fig. 2 (bottom). Approximation for thrust coefficient. 


Equivalent orbit velocity 

Fuel used in hybrid engine 
initial boost 

Ram-jet trajectory 


28,000 ft./sec. 
0.15 Wro 


Constant dynamic 
pressure 

Flight-path angle ~0° 

New ram-jet technology Supersonic internal 
burning 

Hydrogen, 

H = 51,000 B.t.u./lb. 


Current fuel technology 


It should be noted that an orbit velocity of 28,000 
ft./sec. was assumed, which is in excess of that re- 
quired. This excess velocity accounts for retro- 
rocket fuel and for errors involved in neglect of the 
gravity component along the flight path. The 


major assumption, of course, is the new ram-jet 
technology which is discussed fully in the Appendix. 

The trajectory used in the analysis is shown in 
Fig. 1. The trajectory consists of an initial phase 
in which the booster is driven by a hybrid engine. 
In this phase it is assumed that fuel equivalent to 
15 per cent of the take-off gross weight of vehicle is 
consumed. This corresponds roughly to a specific 
impulse of about 1,000. At velocity Vo, ram-jet 
operation is initiated and the booster will fly along 
the constant dynamic pressure path up to a velocity 
Vco, at which the ram-jet is cut off. In the analysis, 
a constant dynamic pressure path was chosen be- 
cause it is consistent with structural design require- 
ments and the analysis was thereby simplified. This 
trajectory does not represent the optimum and the, 
analysis is conservative. The ram-jet cutoff veloc- 
ity Vco was determined as the optimum velocity 
from an overall payload standpoint by differentiat- 
ing the equations in the usual manner. In every in- 
stance in this report, however, it was found that the 
cutoff velocity was limited by temperature and did 
not reach the calculated optimum. At the cutoff 
velocity, the oxy-hydrogen rocket is started and ac- 
celerates the vehicle to orbit velocity. 


Basic Equations 
In this analysis, certain basic equations were used 
Acceleration (W/g)(dV/dt) = T—D 
—I(dW/dt) I =nHJ/V 
Ram-jet T = CrqAg Crp = K/V 
D ~ q S{ (0.7 (W/gS)]*? + Cog} 


Thrust-weight 


Drag 


These equations express the usual relationships 
between thrust and fuel flow, the ram-jet equations, 
and a drag relationship determined from Newtonian 
flow theory. (Continued on page 66) 
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Fig. la. Kepler ellipse of a typical ballistic missile trajectory. 
Fig. 1b. Polar diagram of velocity of the trajectory shown in Fig 


Fig. 2. Construction of the triangle MPK for a given altitude h. 
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Space Physi, 


Erwin W Poy 


Westinghouse Electric Corporati, 


THE HODOGRAPH ani 


A GRAPH IS PRESENTED which permits a quick deter. 
mination of velocity, path angle, angle to apogee 
and altitude of a ballistic missile at any instant, a 
well as the range along the surface of the earth 
The values to calculate the time at any instant to or 
from the position at apogee may also be found ir 
the graph. 

The diagram is easy to plot and does not use an 
simplified assumptions, other than that the earth js 
spherical and that the trajectory is a Kepler ellipse 

The application of the diagram requires specifica. 
tion of one of the following: 

(a) The values of velocity, path angle, and altitud 
at a certain instant. 

(b) Range and path angle of the missile at the 
theoretical launching point. 

(c) Range of a minimum-energy trajectory. 


Symbols 


By ‘‘theoretical launching point’? we denote the first point 
of intersection of the Kepler ellipse with the surface of the 
earth. 


V = scalar of velocity vector of missile 

r = scalar of position vector of missile; origin of 
position vector is at center of earth 

Ys = radius of earth 

h = altitude of missile: h = r — x, 

¥ = path angle: angle between velocity vector and 
horizontal 

ry = angle to apogee: angle between instantaneous 
vector of position and position vector to 
apogee 

or = range angle: q-angle between theoretical 


launching position and position vector t 
apogee. Accordingly, on theoretical launch 


ing point we write r = r., V = Vp, d = op 
Y = yr, h = 0,and R 

R = total ground range: R = 27. dp 

2 = acceleration on surface of earth 

m = constant of gravitation: uw = gr.” 

ro, Vo, Yo = given values at a certain instant (as at burn- 
out) 

H = constant angular momentum: H = ro Vo cos 7 

a = semimajor axis: l1/a = (2/ro) — (Vo?/u) 


/ 
nat 
| 
k 
| / ait 
y 
( 
7 
- t 
| 
t 
/ 
\ 
| M 
‘ 
\ Dp 1 
| 
| 


Physic 


Pay 


oration 


nd 


deter. 
pogee 
nt, as 
earth 
t to or 
ind in 


an} 
urth is 


cifica- 
[titude 


at the 


st point 
e of the 


rigin of 


‘tor and 


taneous 
ctor to 


-oretical 
t 
launch 


p = oR 


at burn- 


Vo cos 7 


A unique graphical method for quick determination of geographical 


position, altitude, and velocity vector of a ballistic missile at any instant 


along its trajectory. 


The diagram is easy to plot and applies to any trajectory. 


Ballistic Missile Trajectory Problems 


The Diagram 


The principles of the diagram will be demon- 
strated on the case (a), for which the knowledge of 
ro, Vo, Yo iS required. 

(1) We use the polar diagram of the velocity 
(hodograph) of the trajectory. The hodograph of an 
elliptical trajectory is a circle with a certain radius p. 
The “‘pole’”’ P—i.e., the point from which the velocity 
vectors are plotted—of the hodograph is inside the 
circle with a certain distance d from the center M of 
the circle (see Figs. la and 1b). In particular, 


p = w/H d? = (u/H)? — (u/a) 


(2) A semicircle is plotted with the diameter /P. 

(3) Later on, the graph may be completed by 
plotting a certain triangle. 

(Fig. 1b shows the hodograph for a typical trajec- 
tory shown in Fig. 1a.) 

The diagram gives: 


directly: velocity V = PK 
path angle y = >PKM 


angle to apogee ¢ = > AMP 


at any instant 


indirectly: range R 
altitude h 
time ¢ to or from apogee \ 


at any instant 


The described diagram is a ‘‘velocity’’ diagram, * 
and its lengths are to be interpreted as velocities. 
Therefore, to find physical lengths such as altitude 
and range, as well as to find the time of flight to or 
from the apogee, short calculations are required 
which may be performed with a slide rule. 

The numerical eccentricity of the elliptical trajec- 
tory is given as e = d/p. The velocity, parallel to 
the axis of symmetry through perigee and apogee, 
is equal to Vu a. 

The diagram answers the following questions: 
(1) Which values of ¢, V, (Continued on page 70) 


The name hodograph introduced by Hamilton means 
bath scriber. However in reality it is a velecity scriber. 


Fig. 3. #Construction of the triangle MPK for a given path angle +. 
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and received the Ph.D. from the Institute of 
Technology of the University of Dresden in 
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Director of Physics and Aerodynamics at the 
Engineering College for Aeronautics at 
Darmstadt, mathematician and physicist at 
various aeronautical research centers, and 
representative of German air science abroad. 
He also worked at several aerodynamic institutes in France. After 
migrating to the United States, Dr. Paul held positions in the Central 
Chemical Laboratories and The Radion Corp., both in Chicago, and in 
the Mechanical Division of General Mills, Minneapolis. In 1958 he 
joined the Westinghouse Air Arm Division where he has worked on 
systems analysis, missile and space problems, and molecular physics. 
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Control, Guidance, and Navigation 


Vehicle control during powered lunar descent, assuming landing at a particular site under either 


manual or automatic control, are described. 


Man’s capabilities, minimum fuel landing trajectories, the amount 


of visual information required, and configuration of control equations are some of the major factors considered. 


Control Considerations for a 


LUNAR SOFT LANDING 


Arnold Peske and George Swanlund, Minneapolis-Honeywell Regulator Company 


= RESULTS of an experimental study of the 
vehicle control during a lunar landing are discussed 
in this paper. However, before getting into the dis- 
cussion of vehicle control, the considered mission 
and the associated trajectory are described. 

It is assumed that the vehicle is being used in 
conjunction with a permanent base. The vehicle is 
roughly the size of the Nova and can be either 
manned or unmanned (mass prior to braking de- 
scent = approximately 2,000 slugs; mass at touch- 
down = 960 slugs; specific impulse = 400 sec.). 
It is landing at a particular landing site at the base. 
The base will have various degrees of sophistication 
of navigational aids, depending on the stage of de- 
velopment of the base. Thus, the position and ve- 
locity of the vehicle may be determined either at the 
site or in the vehicle. Attitude and attitude rate 
are measured in the vehicle. 

The vehicle is approaching the landing site along a 
direct 3'/2-day trajectory from the earth (Fig. 1). 
The velocity vector is almost normal to the lunar 
surface in the vicinity of the moon. A midcourse 
guidance capability exists which implies that the 
vehicle will be quite close to the reference trajectory. 

Since the major error from the reference trajec- 
tory will be a position error, the initial conditions at 
the start of the deceleration phase are fairy well 
represented as a lateral displacement error. All other 


The consultation and advice of John Senders and of Dr. 
Harry Sperling (Research Department) in interpreting the 
role of the man during the landing phase is gratefully ac- 
knowledged. 
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Mr. Peske is a Research Engineer assigned 
to the Research Department of the Military 
Products Group of Minneapolis-Honeywell. 
After 2 years of Army service, he was 
graduated last year from the University of 
Minnesota with a B.E.E. degree. He joined 
Minneapolis-Honeywell in 1959 and is a 
student of aeroballistic trajectories and con- 
trol of space vehicles during a lunar landing. 


Mr. Swanlund is a Senior Research Engineer 
also attached to the Military Products Group 
of M-H. He is a veteran of both the Army 
and Navy, and received his B.E.E. degree 
from the University of Minnesota in 1955 
His association with M-H began in 1954, and 
his assignments through 1957 were analysis 
and synthesis of airborne fire-control systems 
and analysis of the effects of nuclear explo- 
sions on aircraft. From 1957 to 1959, he 
was Project Engineer of a weapon system 
analysis group and—for the last year and 
a half—has been Project Engineer of the 
Systems Techniques Group, responsible for studies on the control and 
guidance of aerospace vehicles. 


variables such as the velocity vector and vertical dis- 
placement are assumed to be at their correct values 

Thrust-vector control is assumed rather than hay- 
ing separate reaction jets for horizontal maneuvering 
Previous studies have indicated that thrust-vector 
control is probably the most realistic when large 
maneuvers are to be made. With thrust-vector 
control, the vehicle maneuvers by tipping awa) 
from vertical to develop an acceleration in the de 
sired direction. The thrust is assumed to be con 
stant and will be on continuously until landing 
The necessity for hovering does not exist since tht 
landing site is known at all times. 
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Fig. 1. Reference trajectory for earth-to-moon trip. 


Fuel Relationships 


An important aspect of maneuvering in a vacuum, 
as contrasted to maneuvering in air, is the amount 
of internal energy required for control. For position 
and velocity control, this energy is nonconservative, 
and therefore requires an expenditure of fuel. Also, 
for attitude control during periods of thrust, it is 
assumed that the control moments are obtained by 
thrust deflection. Thus, the control functions can 
be entirely related to the fuel expended. 

The purpose of the first phase of our study was to 
determine the fuel required for control during a 
lunar landing. As explained previously, a particular 
mission was chosen. This mission represents one 
of the most stringent cases since positional control 
is required to land at a particular landing site. If 
only velocity control were required, the fuel require- 
ments would be much less. 

The essential problems considered are these: 
Given a certain displacement error from a reference 
trajectory, what is the least amount of fuel required 
to arrive at the landing site with zero velocity and 
what is the optimum altitude to start the powered 
descent? The results are useful in answering such 
problems as (1) when and how much midcourse 
guidance is required, and (2) how much fuel reserve 
is needed for control? 

The procedures followed in studying the problem 
will be described further since the results are very 
sensitive to the assumed conditions. Descent from 
several initial altitudes was considered. At each of 
these altitudes, the vehicle is displaced various 
amounts from the ideal trajectory. A control func- 


tion is then determined so that the position error is 
reduced to 5 per cent of its initial value in one half 
the descent time and, further, that the entire posi- 
tion and velocity vectors are zero simultaneously at 
the landing site. The vehicle mass at touchdown 
was kept constant, and the required initial mass' was 
determined for each initial (Continued on page 72) 


CENTER OF 
GRAVITY 


X 
Fig. 2. Thrust-vector control. 
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The RIAS Enterprise- 


Welcome W. Bender, AFIAS, RIAS Division, The Martin Company 


= to the laboratories of the Research Insti- 
tute for Advanced Study (RIAS) have invariably 
been struck by the fact that it is more like an aca- 
demic center for postdoctoral research in pure science 
than an industrial research laboratory or research 
institute. They wonder why a missile and elec- 
tronics manufacturer like The Martin Company 
has ventured to establish RIAS, where scientists 
engage full-time in pure research in their chosen fields 
of mathematics, physics, biochemistry, or metallurgy, 
to mention a few. These visitors have remarked on 
the atmosphere of freedom of inquiry and the com 
plete absence of objectives aimed toward the evolu- 
tion of new products for the parent company. 

The answers to their queries are not immediately 
obvious, for the philosophy of RIAS is unique. It 
has evolved in recent years as a result of Martin 


Since its inception in 1955, Mr. Bender has 
been Director of RIAS (rhymes with “bias"), 
a division of The Martin Company of Balti- 
more. He received his B.S. and M.S. 
degrees from Massachusetts Institute of 
Technology in 1939 and _ subsequently 
joined The Martin Company. He has been 
active in aircraft instrumentation and vibra- 
tion and flutter engineering, and was named 
technical director of pilotless aircraft in 
1945. In 1948, he became head of Mar- 
tin's electromechanical design for missile 
and fire control, and for all products in 1950. 
From 1952 to 1955, he was manager of the electronics department. 
Mr. Bender is an Associate Fellow of the IAS, a senior member of the 
IRE, and a member of Tau Beta Pi and the American Association for the 
Advancement of Science. He has served for several years on the 
Educational Council of M.L.T. 


AN ACKNOWLEDGMENT: Publication of this article, 
within a few days of actual presentation at last month’s IAS 
Annual Meeting, has been made possible only by the valuable 
assistance and cooperation of the author. 


Aerospace Engineering + February 1961 


RIAS—a unique environment for the pursuit of fundamental scientific stud, 


management's concern, not simply with its own 
corporate growth, but with a considerably deeper 
problem facing not only this company and others 
especially in the aerospace industry, but, indeed, all 
the technological activities of the country. Progress 
in its first 5 years is cited as encouragement to others 
in the aerospace community to help find ways to 
broaden the scientific base of this most technological 
industry. 

RIAS, as we shall explain, has been established 
not simply as another center providing a university- 
like environment for pure research in photosynthesis, 
relativity theory, quantum chemistry, dislocation 
theory, and the like. It has been founded as well to 
pioneer a new setting with a less-fettered financial 
framework for pure scientific research, a framework 
that may be readily expandable and, therefore, of 
significant value to all of technology. 


The Expanding Appetite for New Ideas 


The motivation for experimenting with a new and 
quite untraditional pattern for scientific study stems 
from two causes. One is an increasing sense of 
alarm at the ravenous appetite for new ideas which 
the Nation's expanded population of technologists 
and engineers has aroused in the past decade and a 
half since World War II, and the other is a deep 
feeling of frustration over the seeming inability of 
traditional basic research patterns to expand at 
anywhere near the proportion needed to meet this 
demand. 

The Martin Company’s conclusions and path of 
action may be better understood by first examining 
the genesis of the problem as it began to appear a 
few years ago and then discussing the barriers which 
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A Pattern for the 


Expansion of Basic Research in the 


Aerospace Industry 


then, as now, were limiting the recognized demand 
to move ahead and cope imaginatively with the 
problem. 


Traditional Setting for Basic Research 


Historically, basic research in its broadest defi- 
nition—the search for new knowledge simply be- 
cause it is culturally enriching—has provided the 
foundations upon which practically all of technology 
depends. The long-range, nonproduct-oriented atti- 
tude of pure science has proved to be a fertile one. 
On the one hand, because of its nonutilitarian out- 
look it has been, and still is, widely considered to fall 
within the exclusive province of the university, 


X-ray diffraction research being conducted by 
metallurgists. 


where reside the primary responsibilities to teach, 
to enhance, and to preserve our culture. 

On the other hand, during and since World War 
II, and at a galloping acceleration in recent years, 
the number of engineers and scientists engaged in 
technical development in industry outside the uni- 
versity has increased by an order of magnitude. 
These people must feed on the fruits of science. 


Concern by Engineering Management 


Some § years ago, a few engineering people at 
The Martin Company, sparked by the technical 
sensitivities of George S. Trimble, became acutely 
aware of the decreasing effectiveness of that com- 
pany’s engineering talent in terms of the content of 
brand new concepts with which it was grappling. It 
appeared that the ratio of new ideas coming into 
the technology per competent development engineer 
was falling well below earlier ratios and the trend 
was accelerating as the proportion of engineers to 
total employees steadily rose. Such trends are ad- 
mittedly difficult to measure precisely, but qualita- 
tively they are noticed in many, and recurring, 
examples. The preponderance of small incremental 
product improvements compared to real innovations 
is only one significant metric. 

The problem that was apparent within one com- 
pany in 1953 is even more pronounced across the 
industry today. We ere all aware, for instance, that 
each major NASA bid competition attracts literally 
scores of competent engineering teams who prepare 
responsive proposals, which, when separated from 
their company identifying jackets, all look prac- 
tically alike in terms of technical innovations. This 
is simply another symptom of the serious unbalance 
which has been allowed to accrue between the rela- 
tively meager expansion of (Continued on page 74) 


Informal atmosphere stimulates exchange of ideas 
among scientists from different continents. 
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. IVAN A. GETTING 


“To preserve our free institutions, it is 
absolutely essential that the United 
States find the most effective means of 
advancing the science and technology 
of space and also of applying them to 
military space systems. This is the mis- 
sion of Aerospace Corporation.’ 

IvAN A. GETTING 

PRESIDENT 

AEROSPACE CORPORATION 


In accomplishing its mission, this non- 
profit public service organization per- 
forms the unique role of space systems 
architect. Aerospace Corporation pro- 
vides scientific and technical leadership 
to the science/industry team responsi- 
ble for developing complete space and 
ballistic missile systems on behalf of 
the United States Air Force. 


A new and vital force 
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the 


functions 


of 


Aen OSPACE 


CHALMERS W. SHERWIN 


ALLEN F. DONOVAN 


JACK H. IRVING 


EDWARD J. BARLOW 


CORPORATION 


present genuine challenge to scientists 


and engineers of demonstrated competenc 


Specific responsibilities of the new 
corporation include advanced systems 
analysis, research and experimentation, 
initial systems engineering, and gen- 
eral technical supervision of new 
systems through their critical phases. 


The broad charter of Aerospace 
Corporation offers its scientists and 
engineers more than the usual scope 
for creative expression and significant 
achievement, within a stimulating 
atmosphere of dedication to the public 
interest. 


Aerospace Corporation scientists 
and engineers are already engaged in a 
wide variety of specific systems proj- 
ects and forward research programs, 
under the leadership of scientist/ 
administrators including corporation 
president Dr. Ivan A. Getting, senior 
vice president Allen E Donovan, and 
vice presidents Edward J. Barlow, 
William W. Drake, Jr., Jack H. Irving, 
and Chalmers W. Sherwin. 


Aerospace Corporation is current! 
seeking scientists and engineers cap: 
ble of meeting genuine challenge ani 
with proven ability in the fields of: 

* Space booster project engineering 

* Spacecraft design and analysis 

Aerothermodynamics 

* Solid rocket research 

* Nuclear rocket propulsion 

* Ion and plasma propulsion 

* Chemical propulsion 

* Large scale weapons operations 

research 

* Weapon system reliability planning 

* Vehicle control systems 
Those qualified and experienced ii 
these and related fields are urged| 
direct their resumes to: 


Mr. James M. Benning, Room 106 
P.O. Box 95081, Los Angeles 45, Calli 


AEROSPACE CORPORATION 


engaged in accelerating the advancement of space science and technology 
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AEROSPACE as LET ERS (0 the Editor 


ENGINEERING 
CATALOG 


THE STANDARD BUYER’S GUIDE 
OF THE AEROSPACE INDUSTRY 
. SINCE 1944 


—, 


On the ASA Equation 


al wish to comment on the Kermit L. 
Sandefur article, entitled ‘Space Re- 
connaissance,’ published in Aerospace 
Engineering in November. The author 
apparently uses the ASA _ exposure 


than would be indicated by the ASA 
equation. 

The proper relationship when ex- 
pressed in equation form is 


t = 4f°?CE/10.764Br 


where 
equation to compute the shutter speeds : 
indicated in his article. This equation t = exposure time, sec. 
If vou have either hardware or is not truly valid for high-altitude A = po ean 
photography (satellite altitudes) for = filter factor 


turing capabilities you want the 
Aviation-Missile Planners and 
Contractors to know about, 
AEROSPACE ENGINEERING 
CATALOG is the medium tailored 


to do the job for you every day of 
the year. 


7000 ANNUAL 
DISTRIBUTION 


First, in high-altitude photography a 
greatly reduced brightness range exists 
at the camera. Whereas brightness 
ratios on the order of 30 to 40 may 
exist at the ground, these ratios may 
be on the order of only 1.5 to 2 to one at 
satellite altitudes, and this factor is 
not considered by the ASA exposure 
equation. Therefore, it is advantageous 
to utilize the capabilities of the film as 
expressed by the characteristic H-D 
curve rather than the ASA equation. 
By “sliding down” the H-D curve 
toward the toe of the curve (toward the 
region of decreasing exposure), which is 


contrast resolution from H-D 
curve, meter-candle-sec. 

B = brightness at camera, ft.- 
lamberts 

7 = lens transmission factor 


Thus the shutter speed-f number 
combination shown in his graph C would 
not be the one desired for maximum 
resolution photography. For instance, 
his chart indicates the use of 1/100 
sec. shutter speed for an f/5.6 lens sys- 
tem operating at a brightness of 400 ft.- 
lamberts with SO-213 film. When the 
maximum low-contrast resolution cri- 
terion is used to establish the shutter 


TiC permissible because of the reduced speed, it is found that an f/5.6 lens 
guaranteed circulation to Plan- ee Rete ~~ can be operated at a shutter speed of 
se y approximately 1/300 sec. (This as- 
maps ners, — an ure oe ASA exposure equation. ; ; sumes the same filter factor, lens 
Agents... with constant “‘referral The question which then arises is transmission factor, and available bright- 
ge an i ” 
Qe readership” by 26,000 Planners how close to the toe of the curve ness as used by Mr. Sandefur.) These 
f d B | | G should one work. The answer to this increased shutter speeds further con- 
0 ‘ o Te = 
question leads to the second deficiency tribute to a reduction of the degradation 
sis ment and the Aerospace In- of the ASA exposure equation as caused by uncorrected image motions. 
dustry. applied to high-altitude aerial photog- John Mihatovic 
raphy. The ASA exposure equation Staff Engineer 
' b was developed to yield the exposure for Chicago Aerial Industries, Inc. 
Plan to print 7500 extra copies of optimum tonal quality and not maxi- Barrington, Ill. 
your catalog for inclusion in this mum resolution, a prime goal in high- (Epiror’s Nore: Mr. Sandefur has 
all-important 1961 issue of . . . the film in accordance with the ASA rerocasagae oe a 
ons AEROSPACE ENGINEERING exposure equation would not guarantee 
annin Work by Kardas* for a variety of ee speed of be 
: A canta with an f/5.6 lens on SO-213 film with a 
film emulsions has indicated that the brioh 400 ft.-lamb 
Publisher printed pages also available. maximum low-contrast resolution occurs rightness of 400 ft.-lamberts avatlable a 
rced it ; . . the lens because it will result in approxt- 
at values of 0.6 to 0.8 (diffuse) density fi 
rged | units above the base + fog level of the 
For all the facts, contact our nearest exposure. There is considerable dis- 
film. This criterion thus helps establish 
f sales office listed on page 4. : 2 agreement concerning the position on the 
m 106 the density which can be used to govern D-lov-E waist: sealed 
/ Thus, if the film is exposed according sill 
to this criterion, shorter exposure 
A, SPA lA times (faster shutter speeds) result 
f The Editors welcome letters 
Ogy 


ENGINEERING CATALOG 
a 


— Established 1944 — 


“The Official Buyers’ Guide of the Aerospace Industry” 


* Kardas, R. S., A Study of the Infor- 
mation Capacities of a Variety of Emulsion 
Systems, Photographic Engineering, Vol. 
6, No. 3, 1955. 


from readers, although none can 
be acknowledged. All must be 
signed, but identities will be 
withheld on request. 
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Hypersonic Aircraft Table 1 
j M 025 08 10 118 155 248 353 gf 
(Continued from page 9) a.c. in % M.A.C 15 44 13 50 50.5 49 17 : 


of the mean wing chord, is quite moder- 
ate compared to most supersonic air- 
planes. The relatively very stable re- 
gion from M = 3 to M = 1.0 is of only 
passing interest since the airplane 
glides through it in about 2 to 3 min., 
and little harm is done if we fly here 
at a relatively small lift coefficient of 
under 0.2 rather than at the best lift-to- 
drag ratio. It can be seen that the air- 
plane can be controlled at lower speeds 
up to a lift coefficient of about 0.7. 
It is certainly quite desirable that the 
airplane have a fairly small stability 
margin both at hypersonic speeds and 
at low speeds prior to the landing. 

It is interesting to note that the sub- 
sonic characteristics of this airplane 
showed some Reynolds number de- 
pendence. At very low Reynolds num- 
bers around 10°, the flow at the leading 
edge separated much earlier, as it did 
with sharper leading edges. This 
brought the aerodynamic center forward 
to about 40 per cent of the mean aero- 
dynamic chord. Wings with rather thin 
leading edges show, of course, hardly 
any Reynolds number effect. 


The Subsonic Lift-Drag Ratio 


The rather thick round leading edge 
has another very beneficial effect at low 


T0.6 


speeds. Since the flow stays attached, 
the suction force can develop which 
keeps the induced drag near the theo- 
retical level. This is particularly im 
portant for the low aspect ratio wings 
which are characteristic of such hyper 
sonic airplane configurations. 

Another factor that helps to improve 
the induced drag is the addition of fins 
at the wing tip. This is almost the only 
possible location for fins. In a more 
central place the wing, they 
would be useless at high supersonic and 
hypersonic speeds because they have to 
operate in the near-vacuum created by 
the wing. Below the wing surface they 
would produce a most severe compound 
heating situation at hypersonic speeds 
and complicate the landing of the air- 
plane considerably. The improvement 
of the induced drag due to the fins stems 
almost entirely from suction forces along 
their leading edges which must, there- 
fore, also be well rounded like that of 
the wing itself 

If we present the subsonic drag polar 
by a parabola 


above 


Cp = + Gi Cz? 


we find easily the best lift-drag ratio 
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Fig. 3. 
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Pitching moments about c.g. at 43 per cent M.A.C. 


Supersonic speed range. 
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D = 0.5/-Y CD» 


depending equally on the induced dry 
factor C; and the term CD» which jp 
cludes the friction drag and some fom 
drag. For hypersonic airplane cq 
figurations, the form drag is most 
base drag which varies approximate 
with the 1.5 power of the base arg 
The contraction of the base area aly 
reduces the drag at transonic and lq 
supersonic speeds but may increase th 
drag slightly at hypersonic speeds. } 
certain minimum base area is hardy 
avoidable because of the need to attag 
the airplane to a booster on the way 

The wind tunnel tests at low Mad 
numbers (0.25) and Reynolds numbeg 
approaching low speed flight conditiog 
(17 X 10°) gave a lift-drag ratio of §} 
for the trimmed flight condition. | 
the vicinity of the best L/D, the dry 
polar is represented by 


CDy = ().016 Ci = ().22 


Without the suction force along th 
leading edges, the induced drag fact 
C, would be about 0.5. More than ha 
the CD) value comes from the ba 
drag of the airplane. Therefore, son 
deterioration of the friction drag duet 


surface irregularities will not chang 
the lift-drag ratio too much. On tl 


other hand, if more improvement 
subsonic lift-drag ratio is wanted, mo 
reduction in base area could push th 
value to over 10. For the landing-gea 
out condition, the lift-drag ratio go 
down to about 6.8. 

These lift-drag ratios are quite 1 
spectable for an airplane with an aspec 
ratio slightly over one, and compare we 
with the best operational supersonic ai 
planes. To land such aircraft 
stick requires rather perfect weather an 
airfield conditions. For a practical oj 
eration under all weather conditions, \ 
can hardly avoid a landing power plat 
that gives us about the same reser\ 
capability which we have in other hig 
speed aircraft. Using modern light 
weight turbojet engines like the J-8 
we can install, for about 10 per cent 
the landing weight, an engine whic 
gives a service ceiling of over 20,000 tt 
and enough fuel for 20 min. loitering an 
a powered go-around. Or, to explain! 
differently, after coming down to a sul 


dead 


sonic speed of AJ = 0.7, such a landin 


engine allows the pilot to choose a suit 
ble airport within a radius of about 2) 
miles. 


It is interesting to consider that tht 


weight effort for such a landing powe 
plant and for the landing gear itsel 
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Large honeycomb panels are brazed between ceramic sections in this electric blanket brazing fixture. 


Mach 3 
«| Manufacturing 


ex’ Making an aircraft skin tough enough to withstand the 


dea 
. heat barrie To cope with the heat barrier _intensive development program. In conjunction with NAA’s 


ers and cruise at speeds in excess of 2000 miles an hour, an air- team of subcontractors, experiments were made with many 
ns, «craft needs a skin unlike that of any plane in existence. kinds of brazing methods. One in particular would give 
r plat Traditional covering methods were out of the question. _ high-quality results, with economy. This method utilizes a 
— To solve this problem, the engineers and scientists at the ceramic form to hold a honeycomb panel at controlled heats 
a* Los Angeles Divisi f North American Aviati ied of over 1625 degrees. 
lil os Angeles Division of North American Aviation carrie r gree 
» |. on further experiments with the techniques of manufactur- As a result of this advanced development in the art of 
cent ing stainless steel honeycomb. They found that by sandwich- _ making aircraft coverings, a plane can now have a skin so 
whic: — ing this honeycomb between two sheets of steel, sometimes _ tough it is well able to withstand thermantic speeds. 
Ut only six thousandths of an inch thick, structural sections This technological breakthrough will help sustain Amer- 


could be obtained with excellent insulating characteristics _ica’s leadership in aircraft and make possible the supersonic 
and stiffness approaching a solid slab of steel, yet would be | manned weapon systems and commercial aircraft of the 


andix far lighter. future. Because of metallurgical achievements in supersonic 
a suite The problem of brazing these honeycomb panels to meet _— fabrication, the American Society of Metals gave North 
put 2) the oven-hot temperatures of Mach 3 speed required an American its 1959 Advancement of Research Award. 
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about 13 per cent of the aircraft weight, 
is of the same magnitude as much more 
primitive landing systems which are 
proposed frequently for re-entry vehicles 
such as parachutes plus impact absorb- 
ing rockets, etc., for which weights be- 
tween 11 and 14 per cent of the total 
are estimated. The price for a truly 
operational landing concept is quite 
small if we only try to obtain good sub- 
sonic flight characteristics. 

If we are not very careful about these 
subsonic performances, we may be 
forced to abandon the powered landing 
concept, because the weight effort for a 
landing power plant is more than in- 
versely proportional to the lift-drag 
ratio. If we keep the overall airplane 
weight constant, the additional power- 
plant weight due to a lower lift-drag 
ratio has to come out of the payload of 
the airplane. Therefore, if, as usual, the 
payload weight is given, we find that 
the overall airplane weight snowballs 
fast. For instance, we would need about 
50 per cent more airplane weight if the 
subsonic L/D were about half as large 
as we measured it, a value which is 
typical of most experimental supersonic 
airplanes. 

For experimental purposes, we may 
accept airplanes without a landing en- 
gine using very experienced pilots and ex- 
cellent landing fields instead, as is done 
in the case of the X-15. Even under 
such circumstances, the higher subsonic 
lift-drag ratio together with a large 
usable landing lift coefficient helps to 
make the dead-stick landing much easier. 
For example, for the configuration 
shown in Fig. 1, we have with a landing 
wing loading of 32 lbs./sq.ft. a rate of 
descent of about 36 ft./sec. with the 
landing gear in, and 45 ft./sec. with the 
gear out during the landing approach. 
A sharper leading edge would easily 
triple these values. 


The Hypersonic Lift-Drag Ratio 
and Aerodynamic Heating 


All through the history of aviation, 
we have learned to consider the lift- 
drag ratio as the most important figure 
of merit. It shows how much, or better 
how little, power it takes to go flying. 
For a specific airplane and a given 
power plant, the distance it can travel 
is directly proportional to the lift-drag 
ratio. 

This is still true in the hypersonic 
speed region. For a given initial energy, 
the distance traveled in a subsequent 
glide is again proportional to the lift- 
drag ratio. Therefore, most of the 
early attempts to design a hypersonic 
airplane, from Eugen Saenger’s studies 
on, were aimed at a large hypersonic 
lift-drag ratio. However, with the em- 
phasis mostly on re-entry flights, glide 
range capability means very little in 
view of the almost unlimited range of 
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Fig. 4. Lift-drag ratio over Mach number. 


the orbital flight phase. It is quite un- 
essential how much of the descent to a 
landing spot is still orbital flight and 
how much is hypersonic glide. 

The hypersonic lift-drag 
significant only from one aspect— 
maneuverability. In order to reach a 
specific landing spot out of an orbit, 
we may have to move laterally away 
from the orbital plane, and we have to 
control the distance to compensate for 
wind and density variations in the 
atmosphere and for navigation errors. 
It can easily be shown that the fore- 
and-aft maneuverability is proportional 
to the lift-drag ratio and the lateral 
distance to the square of the lift-drag 
ratio. How large a lift-drag ratio is 
really needed is still quite unknown for 
lack of operational experience. To 
reach any point on the globe from a low 
level orbit along a descent trajectory 
initiated within the next circumnaviga- 
tion takes a lift-drag ratio better than 3. 
If we are satisfied to wait until the earth 
rotation brings the general area 
around—i.e., for up to 12 hours, a lift- 
drag ratio of about 1.1 is all that is 
needed to reach every spot on earth 
from near polar orbits. A lift-drag 
ratio of 1.5 gives two chances in succes- 
sive passes for every place on the ground. 
But even a lift-drag ratio as low as 0.5 
gives a band about 300 miles wide on 
the ground within which a suitable land- 
ing area can be chosen. 

Unfortunately, almost all the factors 
which could help to achieve a high 
hypersonic lift-drag ratio are also quite 
obnoxious from the heating point of 
view. Basically, we are trying to 
stretch out the deceleration phase 
enough to keep the heat input per unit 
time into the vehicle at a level at which 
it can be safely radiated away again. 
Since the heat input comes almost en- 
tirely from friction with the air, it can 
be kept relatively low if the friction 
drag is a small part of the total drag 
just as in the case of ballistic re-entry. 
Relatively high lift-drag ratios are, 
however, possible only with the elimina- 
tion of most of the wave drag of the 
airplane. This gives the friction drag a 
prominent share again. 

In a quantitative analysis of the prob- 
lem, we find that the heating rate 
reaches a maximum at a velocity of 
about 22,000 ft./sec. if laminar flow 


ratio is 
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conditions are prevalent, as the 
usually are due to relatively low Reyy 
olds numbers. 

The parts of the airplane which ar 
most critical from the heating point of 
view are the lifting bottom surfag 
leading edges of wing and tail surfaces 
and the airplane nose. Over most 9 
the bottom surface, the air pressure js 
given by the lift per unit area. Sing 
the wall temperatures are confined tp 
certain ranges, we find the heating rat. 
essentially proportional to 


q™~ VW/SX = 
V 


where X is the distance the boundary 
layer has traveled—i.e., approximately 
the downstream distance from the lead. 
ing edge. Obviously this leads to e& 
cessive values near the leading edg 
(X — 0) which requires, therefor, 
special treatment. If the leading edg 
is rounded off sufficiently and swept. 
back, we find the heating rate here 


Jl.e. ™ COS Ag V/W/SCrre = 


V/ cos A, 


re = radius of leading edge 
Ae = effective sweep angle 


On the body nose we have not the 
benefit of sweepback; the heating rat 
there is proportional to 


Qn ™~ W/SCi = 


where r, = nose radius. 

None of the factors appearing her 
contain the lift-drag ratio directly 
However, the different nose radii ant 
the lift coefficient at which the airplan 
flies are related to it. Writing the dra 
polar at hypersonic speeds as 


Cp = Coy + CL Qa 


we may break the Cpo value down int 

the main components: 

Co. = Cof + am cos?A, + 

We see that only the sweep angle of the 

leading edge has a beneficial effect o 

heating and drag. 

The variation of the lift-drag rati 
with Cp, depends on the way the induced 
drag Cz a goes. For very slim shape 
Cy is proportional to a? and the in 
duced drag is therefore proportional t 
wider shapes follow more a 
law. This means that the lift-dra 
ratio varies approximately proportioné 
to between and Cpo~!/2; at the 
same time, the lift coefficients aroun 
the best lift-drag ratio condition var 
with Cp,?/* or Cp,!/? 

If the heat flow into the surfaces ist 
be dissipated by surface radiation, tht 
heating rate is definitely limited by th 
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Another Report 
on Bendix 


Capabilities 


BENDIX AC BRUSHLESS GENERATING SYSTEMS 
SPECIFIED FOR NAVY’S “HAWKEYE” 


Long Range Radar Detection and 
Control of Intercepts—with minimum 
reaction time. That’s the U. S. Navy’s 
mission for Grumman’s W2F-1 
“Hawkeye.” With a crew of five, the 
W2F-1 will be one of the largest carrier- 
based aircraft, performing airborne- 
early-warning missions. 

Heart of the W2F-1 avionic- 
electrical system: two Bendix® AC 
Brushless Generating Systems de- 
signed to meet the latest Military 
Standard (MS) requirements. To- 


GENERAL PRODUCTS DEPARTMENT 


Red Bank Division 


EATONTOWN, NEW JERSEY 


gether with companion Bendix solid- 
state regulation and protection com- 
ponents, these brushless systems 
supply the reliable, efficient electrical 
power that’s so essential to the 
“‘Hawkeye’s”’ mission. 

Bendix builds a complete line of AC 
Brushless Generating Systems rated 
from 10 KVA to 75 KVA—all avail- 
able with solid-state regulating and 
control-protective equipment. Ask for 
details on a system to meet your 
airborne or ground needs. 


Used on the “Hawkeye” are two Bendix Type 28B95-3 /60 
KVA AC Brushless Generating Systems such as this. They're 
direct-driven by the aircraft's two turboprop engines 


Conde 


CORPORATION 


West Coast Office: 117 E. Providencia, Burbank, Calif. Export Sales & Service: Bendix International, 205 E. 42nd St., New York 17, N. Y. 
Canadian Affiliate: Aviation Electric, Ltd., P.O. Box 6102, Montreal, Quebec 
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inaterial available and the safety factor 
which we usually quote in terms of 
flight.corridor width. At a given state 
of the art, this means that for the body 
nose 


Cr (rn/*V'S) > Ki (W/S*) 


or for the leading edge 


Ci(re/VS) > Ke (W cos 2Ae/S?!2) 


The constants A, and A, depend on the 
surface materials considered. 

Obviously, the bluntness values de- 
termined from these limits define how 
far we can go with the hypersonic lift- 
drag ratio. If we think we need more 
and don’t find any better materials, 
there is essentially one way open. We 
have to reduce the airplane density pa- 
rameter W/S*/?. The increase in air- 
plane size is hardly possible without an 
increase in structural weight too, with 
due consequences for the overall weight 
and size. In the other direction even 
more compactness and smaller weights 
can result from a lessening of the lift- 
drag ratio requirements. 

Another weight and size increase for 
higher lift-drag ratios results from the 
fact that the exposure time to hot tem- 
peratures is directly proportional to the 
lift-drag ratio. The weight effort for the 
heat shield underneath the skin, insula- 
tion and cooling material, has to go up 
accordingly. 

The lift-drag ratios of the airplane 
shown in Fig. 1 are plotted in Fig. 4 
over the Mach number from tests in the 
several wind tunnels. The extrapola- 
tion to the Mach numbers of maximum 
heating has to take into account that 
Reynolds numbers are still lower than 
in the tunnel at 17 = 9.6. 

Roughly two-thirds of the CD) value 
of this airplane results from its blunt 
nose, the rest is about equally divided 
between friction and leading-edge drag. 
If we develop more confidence into ad- 
vanced materials for the nose it may be 
possible to increase the hypersonic lift- 
drag ratio perhaps 30 per cent by change 
in this area only. If we also try to 
eliminate most of the leading-edge 
drag, we will lose heavily in subsonic 
characteristics, as discussed before. 

There is one other design considera- 
tion which makes it desirable to keep 
the airplane small—namely, the reaction 
on the booster that has to bring the 
hypersonic airplane up to orbital or 
near-orbital conditions. A large wing 
area produces bending moments in the 
booster which can easily become the 
dominating factor in the design of the 
booster shell. It also becomes necessary 
to add fins to the first booster stage in 
order to make it controllable and suffi- 
ciently safe in emergencies. 

It may be pointed out that the den- 
sity parameter of this airplane, W/S*/?= 
2.1 lb./cu.ft., already represents a fairly 
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tight package of its contents. The 
slimmer shapes of higher lift-drag ratio 
configurations require a reduction of 
this density parameter even without the 
heating requirements. If we go to 
higher values of W/S*/? because we can 
tolerate a lower lift-drag ratio, we arrive 
automatically at bulkier shapes of the 
“lifting body’’ variety. These have 
necessarily rather large base areas and, 
therefore, even less attractive subsonic 
characteristics than the slender sharp- 
edged high lift-drag ratio configura- 
tions. Wherever conventional landings 
are not considered, they might be the 
lightest re-entry vehicles. 

The fact that the volumetric density 
W/S* is the controlling parameter 
with regard to heating has interesting 
consequences if we consider scaling. 
Since the effort for the heat 
shield is proportional to the 
area S, it follows that there is some 
minimum size for these airplanes where 
all the weight available is spent on the 


weight 
roughly 


heat shield alone Therefore, model 
flights that simulate proper heating 


conditions are almost impossible. On 
the other hand, the weight penalty for 


heat shielding, etc., decreases with jp. 
creasing airplane size. 


Conclusions 


Hypersonic aircraft design is mo, 
than just the development of a vehic) 
that fits the conditions of the hype 
sonic speed range proper. To be usabk 
in a routine manner, it must fly well} 
all other speed ranges; in particulg 
it also must be easy to land. 

Fortunately, the compromise betweg 
subsonic and hypersonic flight requir. 
ments is not too difficult. It is, indeed 
easier than a compromise between sy}. 
sonic and supersonic conditions. Thi 
is demonstrated for a particular co 
figuration which has a relatively sma 
aerodynamic center travel through th 
whole speed range, no pitch-up g 
low speeds up to fairly large lift coef 
cients, and a high lift-drag ratio at sub, 
sonic speeds. 

It is shown that the hypersonic lif 
drag ratio has to be determined by ti 
restraints which the aerodynamic hea 
ing problem imposes on the airplar 
design. 
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Agena Satellite Program (Continued from page 13) 


Discoverer than in Midas launches. 
The following discussion will therefore 
concentrate upon problems and experi- 
ence with the Discoverer technique. 

As shown in Fig. 7, the injection of a 
Discoverer satellite into orbit can be 
divided into three phases. In the first 
phase, the Thor booster carries the 
Agena vehicle along a trajectory which 
is defined by preprogramed instructions 
to the Thor autopilot; the apogee of 
this trajectory is made equal to the re 
quired injection altitude, and the azi 
muth is determined by the required 
satellite orbital plane. When the Thor 
engine thrust ceases, the Agena vehicle 
is separated (as described in the fore- 
going paragraphs) and the coast phase 
begins. The orbital guidance system 
of the Agena vehicle (both inertial refer- 
ence package and horizon scanner) op- 
erates in this phase to turn the vehicle 
axis to the local horizontal, and to main- 
tain it there. In the meantime, the 
radar track determined during the first 
phase is being analyzed by a computer 
at the launch point to determine the 
actual Thor performance; from this 
data, instructions are transmitted to 
the Agena vehicle defining the time to 
ignite its engine, and the velocity incre- 
ment required in the third (thrust) 
phase. This velocity increment is 
measured accurately by an integrating 
accelerometer of the type developed in 
the ballistic missile program. The ob- 
jective of the radio comments is to 
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arrive at the correct injection veloct 
with high precision, at the same time: 
the inclination of the flight path ha 
reached the horizontal, at the origin 
Thor apogee height. This injectic 
point at the end of the third phase the 
becomes the perigee of the resultix 
satellite orbit.* 


Injection Errors and Their Relation to 
Weight-Carrying Capacity 


It is evident that with the Discover 
method of attaining orbit, the injecti 
altitude depends entirely upon the fir 
phase of ascent. Since there is noa 
curate guidance in this phase, the inje 
tion altitude obtained varies with th 
individual performance of the Th 
boosters. This variation is within t 
expected range for the booster, and iti 


*The Discoverer technique, applyiti 
thrust always along the local horizonte 
can be compared with theoretically dete 
mined optimum thrust direction prograll 
such as those of Miele (American Rock 
Society Journal, January, 1959) or F 
(American Astronautical Society Journ 
December, 1957). It represents an 4 
proximation to the optimum progfal 
with the basic advantage of extreme si 
plicity in the guidance system. A litt 
more payload could be carried if t 
thrust inclination were 
start somewhat positive, reducing to 2! 
at cutoff. 
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in-flight hydraulic and 
electrical power for aircraft 
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Hydraulic ram 


air turbine 
emergency use and airborne pods 
is supplied by AiResearch 
ram air turbines ranging in 
size from fractional to 100 
horsepower. The fine 4 
speed control regulates 
the turbine to + 5 per cent 
, from aircraft design speed to above 
Mach 1. For special electrical applications 
frequency control lower than + 5 per cent 
Fine speed control of 2.5 KVA ram air turbine system can be maintained. 
430 7 
NO LOAD OPERATION 
Q 
| 400 
4 RATED LOAD OPERATION 
w 390 
2 
380 
4 
: 370 A INCREASED A/S 
5 @ DECREASED A/S 
360 
350 
° 100 200 300 400 500 600 700 
AIR SPEED—KIAS 
As an emergency power source, the ram __ within aircraft-carried pods. Other areas 
air turbine provides sufficient hydraulic of ram air turbine application include 
power, electrical power or acombination — high speed drones and STOL aircraft. 
of both for operation of the aircraft’s AiResearch produced the first success- , 
basic controls in the event of main engine ful ram air turbine and has delivered 
failure. more than 6000 units in 20 model types 
Ram air turbines also serve as auxil- —more units than any other company. 
lary power supply systems, particularly This knowledge and experience not only . 


in remote locations where independent 
power supplies offer optimized design. 
For example, they supply continuous 
electrical power to operate 

electronic equipment 


THE 


contribute to the reliability and high per- 
formance characteristics of AiResearch 
ram air turbines but also enable the 
company to produce newly designed 
units in the shortest possible time. 


CORP 


Hydraulic ram air turbine 


Please direct inquiries to the Los Angeles Division 


AiResearch Manufacturing Divisions 


Los Angeles 45, California * Phoenix, Arizona 
Systems and Components for: AIRCRAFT, MISSILE, SPACECRAFT, ELECTRONIC, NUCLEAR AND INDUSTRIAL APPLICATIONS 
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‘This 1s systems capabilitg 


Many of the significant advances in electro- 
mechanics, electronics systems, environment 
systems, and other areas, were originated 
and brought to fruition at the Columbus 
Division of North American Aviation. A 
complete center of advanced systems tech- 
nology, the Columbus Division has the minds 
and facilities to convert original concepts 
into practical hardware with economy and 
efficiency. This is true systems capability... 
this is the Columbus Division. 


THE COLUMBUS DIVISION 


NORTH AMERICAN AVIATION, INC. 


Columbus, Ohic 


4 


Ath 


td 


TWO IN ONE. New target missile NA-273( Army Redhead/ ELECTRONIC TESTING. Air Force’s GAM-77 Hounti/gr 
Roadrunner ), designed by Columbus, can fly high or low, on 120-foot crane, undergoes stringent radar [6g ; 
at subsonic through Mach 2 speeds. It is launched by tivity tests at Columbus as part of research pumd@] 
solid propellant booster rocket, and ramjet powered. in both airborne and ground support electronic syoWe: 
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NAA-Columbus 


VIGILANTE. World’s most versatile Mach 2 airplane, the A3J is small enough 
fOland on acarrier deck, yet potent enough to pack a heavyweight punch. The A3J 
an perform attack, interception, or reconnaissance missions at deck level or up 
the stratosphere, It is being built for the Navy by the Columbus Division. 


STOL FACILITIES. New six degree of freedom flight simulator is part of facili- 
, Ve HES set up by Columbus to study requirements of vertical and short takeoff 
earch prin landing aircraft design and development. Other V/STOL facilities include 
tronic sy@W-speed to transonic wind tunnel and unique lightweight ejection seat. 
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evident that the ability to command 
the impulse from the second stage can 
take account of such variations and still 
achieve a satisfactory orbit. In prac- 
tice, however, the second stage must 
carry sufficient fuel to achieve orbit 
with minimum performance from the 
booster, which implies that a margin of 
fuel must be carried in the satellite 
stage at the expense of payload. This 
same comment applies not merely to 
deviations in performance of the booster, 
but also to every factor or component 
contributing to launch performance in 
which variation might be expected. 
For example, the effective specific im- 
pulse of the second stage engine has 
shown variations of +2 per cent; and 
the Agena guidance also introduces a 
small error in the thrust inclination dur- 
ing burning. All possible deviations re- 
quire a fuel contingency and involve a 
corresponding reduction in load-carry- 
ing capacity. In planning Discoverer 
flights, it has been customary to assume 
the worst possible performance for each 
component (usually defined by the 3c 
deviation) and to carry sufficient second- 
stage fuel to obtain a satisfactory orbit 
under these conditions. 

At this point, it is appropriate to 
emphasize’ the high precision which 
must be attained in both injection ve- 
locity and flight-path angle, to give a 
satisfactory orbit at the extremely low 
altitudes of the Discoverer program. A 
slight inclination, or a small deficit in 
velocity, will cause a portion of the 
orbit to be so low that the atmospheric 
drag brings the vehicle down very 
quickly. Fig. 8 shows roughly the error 
in flight path angle or velocity which 
will bring down a Discoverer vehicle 
after one orbit, if the planned orbit were 
circular. At the altitude of 120 s.m. 
typical of the present Discoverer injec- 
tion condition, an angle error of +1.1° 
or a velocity deficit of only 100 fps 
below the value for a circular orbit will 
result in failure to complete the first 
orbit. 

Table 1 shows that the Agena guid- 
ance system is able to control the flight- 
path angle at injection to a much 
smaller error than this limit. The error 
of 21/,° in Discoverer I resulted from a 
decision to utilize only the inertial refer- 
ence package, and not the horizon 
scanner, during the thrust phase.* All 
subsequent Discoverers have had the 
horizon scanner coupled into the guid- 
ance circuit throughout the ascent 
phases, and the error in injection angle 
has then not exceeded 0.4°, with a 
r.m.s. value of 0.22°. With this excel- 


* Fortunately, the first Discoverer was 
launched at much higher altitude than 
now employed so that the effect of this 
error was merely to increase the eccen- 
tricity to 0.059. 
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lent performance, injection angle error 
has had negligible effect upon the re- 
sulting orbit, and velocity error remains 
as the major injection problem. 

The failure of Discoverers III and IV 
to achieve orbit is directly attributable 
to inadequate injection velocity. At 
that time, the data available on proba- 
ble deviations in a number of critical 
parameters was sketchy; for example, 
the deviations in altitude performance 
of the engine and fuel system were not 
appreciated. The success of Discoverer 
II, which attained an orbit more cir- 
cular than the earth over which it was 
traveling, led naturally to a decision to 
base the performance of the more 
heavily loaded Discoverers III and IV, 
at lower altitudes, upon the same pa- 
rameters. Their failure to orbit resulted 
in a complete examination of com- 
ponent performance margins, and with 
the establishment of suitable limits. As 
can be seen from Table 1, subsequent 
Discoverers have achieved orbit with 
an adequate margin. 

One important conclusion reached in 
this consideration of low-altitude orbit 
limitations is that the margin available 
in a circular orbit is inherently very 
small. This can be seen clearly from 
Fig. 9, which shows the lifetime in revo- 
lutions as a function of the injection 
velocity margin over a circular orbit, 
for a number of injection altitudes. The 
significant point emphasized in this 
figure is that the lifetime falls very 
rapidly if the velocity diminishes below 
the circular value. A small amount of 
eccentricity has a very powerful effect 
in increasing the margin for velocity 
error. For this reason, all Discoverer 
vehicles subsequent to the fourth have 
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Fig. 7. Ascent rajectory of the Discoverer. 


been planned to orbit with an eccen- 
tricity of at least 0.03. 

At present, these considerations of 
high precision in velocity and flight-path 
angle at injection are unique to the Dis- 
coverer program, since no other satellite 
has attempted the combination of 
maximum payload and minimum alti- 
tude toward which the Discoverer pro- 
gram has been pointed. In some of the 
Man-in-Space programs in the near 
future, there will be similar require- 
ments for operation quite close to the 
top of the atmosphere, and these can be 
expected to encounter the same re- 
quirements for high precision in injec- 
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tion and for accurate evaluation 
probable component errors. 


Orbital Conditions 


Prediction of Satellite Position on On 


In Discoverer operations, the rat; 
track of the satellite vehicle during: 
cent (over a range of roughly 800 mik 
gives the velocity and direction oft 
flight path at the point of injection ir 
orbit, and this data enables a first cal 
lation of the orbital parameters to 
made. Since small changes in the inj 
tion conditions can produce very lar 
changes in the orbit, as discussed int 
last section, it will be evident that th 
initial determinations of the eccentric 
and perigee are necessarily very % 
proximate. They are considerably 
proved by observations from the tra 
ing station network after completi 
the first orbit, and further step-by-s 


refinement of the orbital parameters « 
be made on subsequent orbits. As: 


example of the precision which is p 
sible with Discoverer techniques, t 
orbital parameters of Discoverer } 
were known after the first pass W 


sufficient accuracy to predict the ti 


of arrival at subsequent tracking poi! 
with an accuracy of the order o 


second, and the final signal initiating t) 


recovery sequence on the seventett 
pass was given within 5 sec. ol 


planned time, after a total orbiting t# 
Even this st 
timing error represents an error of abit 


of about 100,000 sec. 


25 miles in the final location of recover 

The precise prediction of low-altitu 
orbits from initial 
much more complex process than! 


observations 


ERRORS IN INJECTION INTO A CIRCULAR ORBIT WHICH WILL CAUSE FAILURE TO ORBIT. 


Fig. 8. Permissible injection error for circular orbit. 


40 Aerospace Engineering + February 1961 


higher altitude orbits, and the techni 
used in the large-scale computers wh! 


t 
I 
t 
t 
i 
] 
nN 
e 
n 
it 
I 
f 
O 
t 
O 
e 
k 
e 
a 
a 
le 

n 
W 
al 

pt 
p 
hi 
d 


Table 1. 


Initial Orbital Parameters of Discoverer Satellites 


the dotted line is the density in altitude 


Discoverer Injection Altitude Injection Angle Eccentricity curve recommended by the ARDC 
(degrees up) Nominal Actual Model Atmosphere Panel, 1959. A 
I 183 5 Boe 0.03 0.059 paper giving these results in more de- 
tail is “Densities of the Upper Atmos- 
ect I 165 - 0.22 ) lites,’ by S. H. Landberg, ARS Journal, 
103 velocity low December, 1960. 
The scatter of points in Fig. 10 is not 
vI 139 + 0.4 0.05 0.:047 inaccuracy, but is evidence of a real 
VII 120 - 0.34 0.05 0.049 variation in the properties of the upper 
atmosphere. Experimental data on this 
variation has been accumulated during 
the last few years; it became apparent 
Xx ‘iti when appreciable differences were ob- 
served in the density determinations 
= made by the earlier sounding rockets 
and by the first satellites. Probably 
the most direct evidence, up to the 
perform this operation is too complex 10 shows the average atmospheric den- present, was obtained in the IGY pro- 
for detailed discussion here. Two fac- sity as derived from the orbital decay gram by Horowitz and Ainsworth in 
tors contribute to this increased com- of Discoverers VI, VII, and VIII, to- rocket soundings at Fort Churchill 
plexity. The corrections to the simple gether with similar observations made (59°N) and further south (33°N); they 
spherical-earth motion which arise be- on other satellites. The full line on this showed summer daytime densities to be 
cause of the oblateness of the earth are figure shows the density variation used as much as five times higher than winter 
luation much more pronounced at low altitude. in prediction of Discoverer orbits as nighttime values. They also demon- 
More specifically, the rotation of the programed in the LMSD computers; strated a significant change in density 
plane of the orbit and the rotation of 
the apsidal line in that plane due to 
the earth’s nonspherical shape are both LIFETIME 4 | 
inversely proportional to the 7/2 power 8 (REVOLUTIONS) A <i 
nonQh of the radius vector, so that the effect at : a ae 
the rai 100 miles altitude is twice that at 1,000 cal | 
ductal miles altitude. Of course, if the orbit is / OP ag 
exactly polar, these corrections are / A 
negligible; but, in the Discoverer series, 
ection i it has been usual to launch at an azi- / A a 
first cale a few degrees east of that required | 
were 1 for exact polar orbits, with the objective | | 
» thew of increasing the useful load-carrying | 
vers capacity. The resulting inclination of / | | 
the orbit has been sufficient to produce 100 
significant oblateness effects. 9 t f ae 
aa Since the Discoverer orbits exhibit F 7 7 Al > 
terabiv i of their low altitude, it might be 5 / 
the expected that this would provide an / Pi | 
opportunity for improvement in our N / | 
oa knowledge of this effect, leading to an (Stapy } 
extension of our present data on the Mies 
gravitational field of the earth. In 80 
its. 4S" practice, we have been unable to derive | 
ich 's P' any improvement in this area, because | 
udues, “of the overwhelming part played by | 
overer “atmospheric drag of the satellite at the | | 
pass W “low altitudes of the Discoverer series Tt 1 
Not only is the drag effect more power- 
ing Po (and more uncertain) than the oblate- 
order ness terms; but, in addition, the decay 
utiating™ — of the Discoverer orbits caused by drag - = | ! 
seventet! “has resulted in lifetimes measured in | | 
“weeks, so that there is insufficient time 
rbiting to obtain the precision in orbit deter- | 
1 this Sl “minations which characterizes higher — 
ror of ab altitude flights. | 
of recovel : | 
a y, 1 ‘ 0.02 0.03 0.04 0.05 
ss the his - - 3 400 500 600 
— INJECTION VELOCITY INCREASE ABOVE CIRCULAR VALUE (FT/SEC. ) 
uters wh 


density in the upper atmosphere. Fig. Fig. 9. Lifetime of satellites in low-altitude orbits, 
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with latitude at the same height with 
simultaneous experiments. To further 
complicate the picture of diurnal, sea- 
sonal, and latitude influences, Jacchia 
has demonstrated that the density can 
be correlated with the intensity of solar 
flares, and this is collaborated by Mik- 
hnevich and his coworkers from the 
second Soviet satellite decay rate 
(NASA Technical Translation F-13). 
Fortunately, the steady decay of a 
satellite orbit will generally represent a 
time average of most of these effects, 
so that the atmospheric density curve 
given in Fig. 10 can be used for approxi- 
mate prediction of change of period and 
lifetime. It is necessary to exercise care 
here, however, since the satellite orbit 
itself will usually sample the atmos- 
phere in such a way that its variations 
are significant. For example, during the 
lifetime of a typical Discoverer satellite, 
the earth’s oblateness effects are such 
that the perigee (where practically the 
whole drag is concentrated) proceeds 
from the equatorial belt around to the 
highest northern latitudes, and even in 
some cases to the night side of the or- 
bital plane. In this way, the density of 
the atmosphere is sampled successively 
at a number of latitudes, and at day and 
night conditions, with seasonal effects 
superposed. A continuing effort is being 
made to sort out the contributions of 
these various factors in the density varia- 


Table 2. Radiation Characteristics of Some Agena Surface Materials 


Solar Absorptivity 


Whi nt (Epoxy base) 
Black 
Gol 
Dow agnesium finish - Thin 
Thick 
feat Shield 


tion, and the data, of course, improves 
with each new Discoverer flight. As 
the number of low-altitude flights in the 
Discoverer increases, supple- 
mented soon by similar observations 
from other programs such as the Dyna- 
Soar and Man-in-Space projects, we 
can anticipate a much more complete 
analysis of upper-atmosphere density 
variations. 


series 


Local Density and Pressure in the 
Vehicle 


Knowledge of the ambient density 
around the vehicle is primarily signifi- 
cant in determining the decay of the 
orbit, to permit prediction of future posi- 
tion and of lifetime in orbit. In the Dis- 
coverer series, we have also been in- 
terested in measurement of pressure 
conditions within the vehicle. The am- 


—— LMSD COMPUTER MODEL 
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1 © 1959 LAMBDA (DISCOVERER VII!) 
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Fig. 10. Atmosphere density at various altitudes. 
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Infra-red Emissivity 


(¢€) as/e 
0.30 0.81 0.37 
0.84 0.80 1.05 
0.40 0.06 6.7 

0.57 0.71 (T = 100°F) 0.80 
0.72 0.82 (T = 100°F) 0.88 
0.9 0.9 1.0 


bient pressures experienced 
moderate satellite altitudes are low 
than the extremes of our experience ¢ 
the ground, and it is now generally q 
preciated that they represent a dif 
cult environment for some types 

equipment and material. For exam) 
a pressure of 1077 mm. of mercury og 
responds to a height of about 200 mik 
the average height of a typical Dx 
coverer flight. At this pressure, ma 
materials evaporate; the lubricating 
used in typical bearings at low altitué 
for example, can evaporate so complete 
that the bearing fails. Fortunately, ti 
interesting experimental period in i 
Discoverer series is short, so that lit 
trouble of this type has been encow 
tered. One such difficulty occurred; 
the bearings of the horizon scan 
motor; on Discoverer V, these fail 
after about 30 hours of operation (ly 
tunately, after the experimental pr 
gram leading to the recovery atten 
had been completed). A change t 
lubricant with a lower vapor press 
avoided any recurrence of this trout 
but it can be anticipated that long 
duration satellites will present me 
difficulties with low-pressure evapor 
tion. 


even 


The pressure locally around 
vehicle will, of course, vary slightly ire 
the free-stream value because of ti 
high vehicle velocity; the third Sov 
satellite carried manometers whi 
demonstrated satisfactorily that t 
pressures corresponded to free molec 
flow. There is, however, a much me 
powerful change in pressure, at le 
during the initial orbits of the satelli 
from the outgassing which takes ple 
from most of the surfaces exposed tot 
vacuum. Because of this process, t 
measured pressures inside the insti 
ment space in the Discoverer series # 
much larger than the ambient value ot 
side. At the end of the first orbit, t 
pressure is usually about 10~* mi 
and even after 25 orbits (38 hours) ¥ 
pressure does not fall below about | 
mim. of mercury. 

This has considerable  significat 
when related to our ability to simul 
orbital conditions in test chambers 
the ground. The chambers available! 
the start of the Discoverer progt# 
could not be evacuated below abt! 
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10-5 mm. of mercury with a typical 
component in position, although the 
empty chamber could be taken down to 
1077 or 10° mm. The pressure data 
obtained from flight indicate that, be- 
cause of the outgassing process, this 
capability is quite adequate for Dis- 
coverer. We can expect, however, that 
the longer duration of operation re- 
quired in the Midas and Samos pro- 
grams will carry the vehicle through its 
first outgassing phase, and ground facili- 
ties are required for these programs 
which can simulate the much lower 
pressures corresponding to the ambient 
conditions shown in Fig. 10. 


Temperature Environment 


As is well known, the temperature in 
a satellite vehicle is determined pri- 
marily by radiation processes. A small 
amount of heat is continuously gen- 
erated within the vehicle by the various 
operating equipments—the telemeter- 
ing, guidance, and power supplies. This 
is radiated out to space from the skin of 
the vehicle; in reverse, the vehicle re- 
ceives radiation from the celestial bodies. 
Of these, the sun is, of course, the most 
important contributor, and at the low 
altitude of Discoverer orbits the earth’s 
contribution is also significant. In com- 
bination with these two components, 
other inward radiation is negligible. In 
preflight studies of the Agena heating 
problem, estimates were made of the 
distribution of these inward radiation 
components around the vehicle, bearing 
in mind the changing geometry as the 
vehicle moves in its near-polar orbit. 
Avoiding the detail of these estimates, 
the following list gives the approximate 
average heat input. 


Radiated heat input Sun Earth 
watts/m.? 


Average over top of 


vehicle 308 20 
Average over bottom of 
vehicle 1371/2 167 


Calculations of this type indicated 
that the incoming radiation, when 
added to the small internally generated 
heat quantity, would not balance the 
outward radiation at normal life tem- 
peratures of 70°-80°F., so that the 
vehicle would be expected to cool down 
appreciably on orbit. In addition, 
another problem might arise because of 
the special stabilization of the Agena 
vehicle; in contrast with other satellite 
vehicles, the Agena always presents its 
same face toward the earth. Thus, ap- 
preciable temperature differences be- 
tween the top and bottom of the vehicle 
might develop, although initial esti- 
mates indicated that heating of the top 
and bottom were almost in balance on 
“i average, as shown in the foregoing 
ist. 


To avoid cooling of the vehicle on 


Who is this man? 


First, you should know a few things about him: - 
He’s responsible, as a man who leads others 
through new frontiers must be; he’s a specialist 
. .. but a specialist with time for creative reverie; 
he welcomes new challenges and grows in learn- 
ing and stature with whatever he faces; he’s 
mature, dedicated, and inquisitive—traits of a 
true man of science. Who is he? He’s the indis- 
pensable human element in the operations of 
one of the Navy’s laboratories in California. 
Could he be you? 


U. S. NAVAL ORDNANCE TEST STATION at China 
Lake and Pasadena: Research, development, test- 
ing, and evaluation of missiles, advanced propulsion 
systems, and torpedoes and other undersea 
weapons. 


U. S. NAVAL ORDNANCE LABORATORY at Corona: 
Development of guidance and telemetry systems and 
missile components. Research in IR spectroscopy, 
magnetism and semiconductors, etc. 


U. S. NAVAL RADIOLOGICAL DEFENSE LABORA- 
TORY at San Francisco: One of the nation’s major 
research centers on nuclear effects and counter- 
measures. 


U. S. NAVY ELECTRONICS LABORATORY at San 
Diego: One of the Navy's largest organizations en- 
gaged in the research and development of radar, 
sonar, radio, and acoustics. 


PACIFIC MISSILE RANGE and U. S. NAVAL MISSILE 
CENTER at Point Mugu: National launching and in- 
strumentation complex, guided missile test and 
evaluation; astronautics; satellite and space vehicle 
research and development. 


U. S. NAVAL CIVIL ENGINEERING LABORATORY 
at Port Hueneme: Research, development, and 
evaluation of processes, materials, equipment, and 
structures necessary to the design, construction, anc 
maintenance of the Navy's shore bases. 


Openings for Aeronautical Engineers, Cher 
Civil Engineers, Electronic Engineers, Electron 
gineers (Digital Circuitry & Electro-Acoustic), M. 
maticians (Test Data Processing & Analysis,, 
Mechanical Engineers, Operations Research Ana- 
lysts, Physicists. 


The man we want must have an advanced de- 
gree, or a Bachelor’s degree with at least three 
years’ solid experience. He should contact. . . 


Personnel Coordinator, Dept.E 

U. S. Naval Laboratories in California 
1030 East Green Street 

Pasadena, California 


U. S. NAVAL LABORATORIES 


IN CALIFORNIA 
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Fig. 11. Temperature distribution in test chamber and in flight. 


orbit, coatings having a high ratio of 
solar absorptivity a, to infrared emis- 
Sivity e« are applied to the outer sur- 
face surrounding equipment regions in 
Discoverer vehicles. (In addition, some 
insulation was used; this does not 
change the total cooling, but increases 
the time constant of the cooling process.) 
These special coatings are distributed 


appreciable deviations from calculated 
values and ground-test data. These 
deviations can be seen clearly in Fig. 11, 
which gives temperature in time histories 
from Discoverers VI and XI at the 
same points on the equipment structure 
as used in the vacuum chamber tests. 
It will be noticed that the discrepancy is 
worst at the nose of the vehicle, inside 


coverer VI (and also on Discoverer 
although this data is not included 
Fig. 11), the temperature fell steadily 
a value of about 24°F., well below f 
ing point, on the fifteenth orbit, 
which the capsule was ejected. Fu 
aft on the main vehicle, the temperat 
fell to values of 40°-50°F. during 
same period. It will be observed f 
the data in Fig. 11 that the top, 
bottom of the vehicle behaved y 
similarly, although an appreciable log 
tudinal temperature gradient develop 
and further, that the pattern of 
perature was repeated in differ 
flights. 


Here it should be noted that 
though the low temperatures 
countered are generally beneficial 
equipment (this will be discussed latg 
the below-freezing temperatures in { 
extreme nose were very undesiraf 
They not only represented 
discomfort for any live passengers, | 
also were sufficiently low to cause q 
cern over the operation of some @ 
ponents such as batteries in this 2 
A change of coatings between J 
coverers V and VI was introduced 
an attempt to raise the temperat 
here, but without success. According 
subsequent Discoverers solved the pri 


lem by the straightforward process 


around the vehicle in such a way that including an electric heater in 


when combined with the equipment dis- 
tribution and the radiation pattern, the 
analysis showed that a uniform tempera- 
ture would be obtained. The range of 
radiation properties available with dif- _ 
ferent coatings is sufficient to permit con- | and €vs To 
siderable control of temperature to be 4 Surface A (Epoxy) 

achieved; Table 2 gives the approxi- 
mate radiation characteristics of the ‘a 
materials most often used in heat 
balancing of the Agena satellites. 

An experimental check of the validity 
of the heat balance arrangements deter- 
mined by analysis was obtained before 
flight by mounting the complete front 
end of the vehicle, with operating equip- 
ment, in a vacuum chamber at LMSD 
and subjecting it to radiation simulating 
the anticipated flight conditions. By 
the use of twelve controlled-tempera- 
ture surfaces around the vehicle within 
the chamber, it was possible to provide 
not only the directional variation of 
heat, but also its variation with time 
throughout the orbiting sequence. The 
results of these tests are shown in Fig. 
11, in which the temperature variation 
at five typical points on the internal 
equipment supports is plotted as a 
function of time. It will be evident 
from these results that the vacuum 
chamber tests generally confirmed the 
radiation analysis, and showed that the 
coatings evolved from the analysis would | 
give approximately uniform temperature 
distribution in space and time. 

Measurements of temperatures on 
Discoverer vehicles on orbit have shown 


the re-entry capsule. In flight on Dis- 


Surface A: White (T\O2 pigmented) Epoxy base enamel on Dow |50n HM2IA Mg 
Surface B: White (T\Q2 pigmented) Silicone base enamel on Dow |5 on HM2IA Mg 
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Fig. 12. Effect of ascent heating on radiation characteristics. 
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He built the 
Strongest root 
in the world 


This AMF engineer knows what it 
takes to shrug off megaton forces. 
He had to know because he designed 
the prototype atomic bomb shelter at 
Frenchman Flats, the only building 
that stood up under the force of the 
atomic bombs exploded there. Well, 
not altogether—a flange on the door 
was bent. 


In order to design the shelter, he 
had to calculate the effect of the ex- 
plosion on materials and structures. 
He had to know how the shock was 
transmitted through the earth’s 
crust and what effect it would have 
on the shelter—from beneath as well 
as from above. And, after the dust 
of calculating had settled, he had the 
very practical problem of expressing 
the results in steel and concrete. He 
did so, successfully. 


Single Command Concept 


The solution of this first-time-in- 
history problem is one more example 
of AMF’s resourcefulness. 


AMF people are organized in a 
single operational unit offering a 
wide range of engineering and pro- 
duction capabilities. Its purpose: to 
accept assignments at any stage 
from concept through development, 
production, and service training... 
and to complete them faster...in 


* Ground Support Equipment 

* Weapon Systems 

* Undersea Warfare 

Radar 

* Automatic Handling & Processing 
¢ Range Instrumentation 

* Space Environment Equipment 

Nuclear Research & Development 


GOVERNMENT PRODUCTS GROUP, 
AMF Building, 261 Madison Avenue, 
New York 16, N. Y. 


_ AMERICAN MACHINE & FOUNDRY COMPANY 
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area, operated via a thermostat from 
the main vehicle battery supply. This 
holds the temperature at about 80°F. 
throughout the active life of the vehicle. 
It will be utilized on future Discoverers, 
but it is evidently unsatisfactory for 
any vehicle in which comfortable tem- 
peratures must be maintained for a 
long period of time. We have, there- 
fore, spent some effort in investigating 
the experimental results shown in Fig. 
11, and it is now clear how the discrep- 
ancy between ground and flight tem- 
peratures is caused. 

During the ascent of the vehicle, the 
velocity reaches sufficiently high values, 
while still in the atmosphere, to raise 
the temperature of the surface con- 
siderably. Measured skin temperatures 
on Discoverer vehicles have exceeded 
500°F., and it appears that some of the 
coatings which we have employed can 
attain considerably higher local temper- 
atures. The absorptivity and emissiv- 
ity of surface coatings is greatly changed 
by exposure to such high temperatures, 
even for short periods of time. Labora- 
tory tests of these effects are in progress 
at present; the general conclusion from 


results up to the present is that surface 
changes after exposure to high tem- 
peratures tend to modify the thermal 
characteristics to approach more nearly 
those of a black body (a, = € = 1). 
As an example, some experimental data 
on white paints are given in Fig. 12, 
which are taken from some unpublished 
work of L. A. McKellar at LMSD. 
Some white paints experience a pro- 
gressive darkening when exposed to 
high temperature in a vacuum chamber. 
Corresponding to the darkening, as 
might be expected, there is a change in 
the emissivity and absorptivity; meas- 
ured values are given in Fig. 12. The 
emissivity of such paints is already 
close to that of a black body, and does 
not change appreciably after exposure 
to high temperature. The solar ab- 
sorptivity of white paints is normally 
very low; with exposure to high tem- 
perature, the surface becomes a much 
poorer solar reflector, the value of a, 
increasing appreciably. This is par- 
ticularly true of the epoxy base paint 
shown in the figures; it is evidently 
better to utilize high temperature paints 
which do not discolor over the tem- 


EFFECTS OF REDUCED AMBIENT TEMPERATURE AND DERATING 
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cent; such as the silicone paint als 
included in the experiments. 


On the near-polar orbits of Discover, 
satellites, the balance of heat emitte 
and absorbed is such that a black bog 
would establish a low temperatur 
somewhat below the freezing point , 
water. The surface coatings of Dig 
coverer are chosen to provide an exces 


of absorptivity, so as to maintain mop 


normal temperatures, and our te 
chamber results show that this can 
accomplished. After the ascent phag 


however, the exposed surface approach 


more nearly the black body conditioy 
Under these circumstances, it is not su. 
prising that the temperatures exper 
enced on orbit are much lower than jy 
ground tests of the 
figuration. 


unheated cop 


Although the temperature contr 


on Agena vehicles in the Discovere 


program has presented some problem 
the low temperatures which we hay 
encountered on polar orbits are onl 
undesirable in flights with live pa 


sengers; conversely, they are regarde( 


as highly satisfactory for flights in 
volving only instrumentation.  (( 
course, if the temperature is too lq 
some components will not function ¢ 
all; but there is no great difficulty i 
selecting components for temperature 
down to about —20°C.) 
most serious problems—possibly th 
major problem—in satellite develo 
ment today is the achievement of lon; 
lifetime for unattended equipment « 
orbit. 
from ground tests to show that the lif 
time of equipment components is cor 
siderably increased by quite moderat 
reductions in temperature when opera 
ing under the same load condition 
Figs. 13 and 14, for example, sho 
that the reduction in ambient ten 
perature from normal industrial operai 
ing values of 80°-100°C., down to th 
value of O°C. which we have e 
countered in the equipment areas | 
Discoverer, can increase the lifetime 

capacitors by a factor of 5, and mu 
tiply resistor lifetime by 3. 
statistical data on mechanical equi 
ment such as ballbearings show 

parallel increase in lifetime with é 
creasing temperature. It appears tha 
in the design of unmanned polar sate 
lites we should take maximum advat 
tage of the low temperatures which ca! 
be attained, to increase equipment lil 
time. It will be further obvious t 


communications engineers and_ thos 
interested in low-noise detection tha 


operation of satellite equipment at lo! 


temperatures can significantly improv 
signal-to-noise ratios; and it is of i 
terest to develop satellite designs, sur 


face coatings and special orbits whid 


produce the lowest possible temper: 


perature range experienced during ag. 


One of th 


There is ample statistical dat 
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tures without the complications of 
cryogenic equipment. 


Concluding Comments 


It is not possible to discuss in detail 
in this paper all the development aspects 
of the Agena satellite vehicle, or all 
the experimental data obtained from 
orbiting up to the present. As an al- 
ternative, in the preceding review we 
have singled out some aspects of the 
Agena satellite which have a direct 
bearing upon the design of similar space 
vehicles, together with some experi- 
mental data which have modified to 
some degree our earlier conceptions of 
design for orbit. Many design items 
and experimental results have been 
omitted from this review, either be- 
cause they are of lesser interest or be- 
cause development work is still con- 
tinuing. 

In the latter category, the problem 
of return to earth from satellite orbits 
is now being investigated in the Dis- 
coverer program. Although the major- 
ity of Agena satellite applications do not 
contemplate re-entry, this investiga- 
tion has generated wide interest, and 
a progress report is therefore appro- 
priate. It represents an extremely chal- 
lenging problem, since, in addition to the 
relatively straightforward process of 
putting the satellite in orbit, the follow- 
ing four additional processes must be 
completed successfully : 

(1) A recovery team must be located 
so that one of the satellite orbits (spaced 
about 1,500 miles apart on the earth at 
temperate latitudes) passes over it. 

(2) The recovery capsule must be re- 
leased from the parent satellite at the 
correct time within quite narrow limits. 
Each second of timing error represents 
five miles displacement of the recovery 
point. 

(3) The capsule must be given a pre- 
determined retro-velocity in the cor- 
rect direction. Satisfactory deceler- 
ation through the high-heating phase 
of re-entry requires the re-entry vehicle 
to follow a flight path with a very crit- 
ical glide angle (about 31/,° in the Dis- 
coverer design, with a permissible mar- 
gin of +11/,°). Below this angle, 
the dispersion of impact point becomes 
uneconomically high, and there is a 
long period of heating during re-entry. 
If the glide angle is too high, the heat- 
ing period is short but the heat rates are 
excessive, and the vehicle suffers severe 
deceleration. The retro-velocity must 
be aimed to deliver the vehicle into the 
narrow “corridor” between these two 
extremes. 

(4) Following the deceleration and 
heating phase, the capsule must be 
further slowed by a parachute. 

_ (5) In the final phase, the capsule 
is recovered from the sea or snatched 


from the air as it descends slowly on 
its parachute. 


In the Discoverer recovery develop- 
ment up to the present, the first two 
of these processes have been satisfac- 
torily accomplished on several occasions. 
In fact, as indicated earlier in the text, 
on Discoverer XI the recovery sequence 
was initiated within five seconds of the 
time required by the location of the re- 
covery team. The last two processes, 
parachute deceleration and _ pick-up, 
have also been satisfactorily demon- 
strated on many occasions, using cap- 
sules dropped from high-altitude air- 
craft. In fact, air snatch of the para- 
chute has been accomplished on well 
over 95 per cent of these practice drops. 
The third item, the provision of the cor- 
rect retro-velocity, has proved to be the 
major problem. It requires the ac- 
curate alignment of the vehicle, the 
application of the correct impulse, and 
the correct functioning of a number of 
components after orbiting for a long 
period of time. The capsules have been 
tracked after release from Discoverers 
V, VIII, and XI, and on the latter two, 
telemetering from the capsule signaled 
the functioning of critical components. 


+ + 


Satellites in Communications 


All three show that the retro-impulse 
was applied, but not accurately enough 
to hit the required re-entry “corridor.” 

In conclusion, it is evident that in the 
Agena program the intent is to go much 
further than merely launching a satel- 
lite in orbit. To obtain maximum 
utility from such a satellite, it is neces- 
sary that the operations contributing to 
the satellite system should utilize the 
highest possible precision, in launch, 
on orbit, and in final recovery if re- 
quired. As the foregoing discussions 
have shown, maximum load-carrying 
capacity and maximum utility from the 
view-point of orbital measurements are 
primarily the result of high accuracy and 
repeatability, and much of the future 
Agena satellite program must be directed 
toward this requirement in one form 
or another. The other major re- 
quirement in this program is the de- 
velopment of equipment having long 
life and high reliability in space en- 
vironments; our knowledge of such 
environments has been considerably 
improved, as has been shown, by the 
results of Agena flights to date. 
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sive procedure and with today’s assur- 
ance of success of any launching, this 
does not appear to be the solution. 
Redundancy in the number of satellites 
in orbit immediately raises the number 
of satellites required to at least six, and 
makes necessary some degree of maneu- 
verability of ground antennas. 

This brings us to the launching vehicle 
requirements and, at this point, it 
should be understood that the 24-hour, 
synchronous equatorial orbit is perhaps 
the most difficult mission currently con- 
templated. Providing significant pay- 
load in this orbit will await the develop- 
ment of the Centaur vehicle. This 
vehicle will not become operational be- 
fore the end of 1963 and will cost in the 
order of 10 million dollars each. 


Nonsynchronous-Orbit Active Satellite 


The nonsynchronous-orbit (3,000- to 
6,000-mile altitude) active communica- 
tion satellite has received considerable 
attention in the last few months. A sys- 
tem of such satellites to provide nearly 
continuous service would require that 
relatively large numbers of satellites be 
placed in orbit. However, these satel- 
lites could be rather small and simple. 
The reduced propagation path length 
would permit reasonable power require- 
ments aboard the satellite without im- 
posing attitude or position controls. 
Elimination of these controls provides a 
lifetime dependent only on the elec- 
tronics; the power output stage, tran- 
sistors, batteries and solar cells. There 
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is considerable confidence that, given 
time, these elements can -be provided 
with long-life assurances. 

Very recently, we have determined 
that high-energy protons cause signifi- 
cant damage to solar cells. It does not 
appear possible to shield against these 
high-energy particles which are present 
in the trapped radiation belts. It is, 
therefore, necessary to develop com- 
ponents resistant to such damage or to 
operate in those regions of space where 
the concentration of such radiation 
particles is low. 

Considerable work needs to be done in 
this area. Fig. 2 shows what is known 
about the flux of protons with altitude. 
These curves indicate the proton con- 
centration greater than 20, 40, and 75 
mev with altitude. The exact location 
and profile of the inner belt are not well 
defined. 

Fig. 3 shows the flux density as a 
function of energy. Also shown is the 
thickness of glass necessary for shielding 
against protons less than 10 and 16 
mev. We see that 65 mils of glass will 
shield only against those protons with 
energies below 10 mev. It is certainly 
not possible to carry enough glass to 
shield solar cells against high-energy 
proton damage. 

The degradation of present solar cells 
under the bombardment of 17 mev pro- 
tons is shown in Fig. 4. There is evi- 
dence that a new form of silicon solar 
cell, using a thin N material on a P base 
material will provide as much as a factor 
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of 10 improvement over present P on N 
cells. Thus, there is encouragement 
that more radiation -esistant materials 
can be provided. A more basic under- 
standing of the damage processes and 
knowledge of the spectral distribution of 
particles in space are required for the 
development of these new materials and 
for a prediction of the actual operating 
lifetime that such materials may pro- 
vide. One will have to balance the 
economic factors of lifetime, altitude, 
and tradeoff of spacecraft weight for 
added life by affecting overdesign in the 
power supply. 

Why not arbitrarily raise the altitude 
of the nonsynchronous system to avoid 
the radiation damage? It is not de- 
sirable to raise the altitude indiscrimi- 
nately because the power requirements, 
satellite size and, consequently, cost go 
up rapidly with altitude. The life of a 
satellite, in the absence of radiation, is 
probably limited by the life of the power 
output stage, which must today be a 
thermionic vacuum tube. The life of 
thermionic emitters is inversely related 
to cathode current density so it is de- 
sirable to keep power output to a mini- 
mum. 


The same vehicle which would be used 
to place a single satellite in the sta- 
tionary or synchronous orbit, could place 
a number of satellites in a lower orbit. 
The exact number is obviously depend- 
ent on the weight of the satellite and 
the orbital altitude. At 3,000-mile 
altitudes it may be possible to place on 
the order of 10 to 20 satellites in orbit 
with a single vehicle. Higher altitudes 
would reduce the number of satellites 
and increase systems costs rapidly. 


Fig. 5 shows the number of satellites 
required vs. altitude for a communica- 
tions path across the Atlantic 3,000 
miles long. At 3,000 miles altitude, 36 
satellites in polar orbits would provide 
99 per cent continuous service. A sys- 
tem such as this could be launched with 
the same six vehicles required for the 
synchronous-orbit system with as few as 
six satellites per launching vehicle. 
Obviously, it would be desirable to 
carry aS many as possible per vehicle. 
We see also in Fig. 5 that 18 satellites at 
this same altitude, or a loss of 50 per cent 
of the satellites, would still provide 90 
per cent availability. Redundancy and 
its assurances are inherent in such a sys- 
tem and service cannot be completely 
interrupted. Replacement of dead 
satellites could occur in a leisurely 
manner. 


There are disadvantages to the non- 
synchronous-orbit system. The ground 
facilities would be more complex and 
more costly than for the 24-hour system. 
Tracking of the many satellites and 
switching between satellites as they 
move in and out of the area of mutual 
visibility are problems which must be 
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overcome. The propagation time del; 
although short, is variable and may} 
difficult to deal with for certain applic 
tions. 

The low-altitude active system dy 
show promise of providing longer j 
much sooner than the synchronous or} 
satellite. 


Nonsynchronous-Orbit Passive Satellii 


We come now to the area of pasgj 
communications satellites. In gener; 
because of the large amounts of poy 
required of ground transmitters, passj 
satellites are usually restricted to 
lower altitude nonsynchronous orhi 
The same advantages and disadvz 
tages associated with the nonsynchr 
nous characteristics of the low-altity 
active system therefore apply to pass 
satellites. The one additional disgi 
vantage is the requirement of hig 
power transmitters and large transmj 
ting antennas for high-capacity comm 
nications. It appears today that, ; 
general, the receiving system for a 
satellite communications system will} 
roughly the same. It will be desirat 
to make use of as large an antenna a 
as low-noise a receiver as possible { 
either the active systems or the passi 
system. This will be the case becau 
of the requirement of keeping power ow’ 
put from an active satellite to a min 
mum in order to increase life expectane 

There are some advantages to passi 
systems which should not be overlooke 
The fact that Echo I, the spherical pa 
sive satellite, did not collapse con 
pletely on loss of its internal pressuriz 
tion has given us added confidence th: 
a lightweight erectable structure can 
provided which will live for long perio 
of time. Assuming then that su 
structures can be provided in spat 
there would be nothing in the satelli 
to go bad. Assured lifetimes of 10 to! 
years or more could be achieved. 

The difficulties involved in the use 
such a passive system involving mat 
satellites is much the same as for th 
nonsynchronous-orbit active satelli 
systems. There is one exception. (: 
bital perturbations may be more dif 
cult to predict because of the large arti 
to-mass ratio of passive  satellit 
the consequently larger perturbatic 
effect of solar pressure and atmosphen 
drag. With better understanding of th 
basic processes, these problems will fi 
solution. 

The passive satellite system is wi 
tually unlimited in its capacity. : 


long as frequency spectrum space can kk 
made available, the channel capacity « 


number of users can be increased. 
The cost of ground systems for 1 

with passive satellites can be controll: 

and minimized to be 
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have to invest in 85-ft. antennas and 50- 
kw. transmitters, while the user needing 
only teletype channels could get by with 
perhaps 20-ft. antennas and a few kilo- 
watts. 


Conclusion 


There are, as stated, many advan- 
tages and disadvantages to each of the 
various satellite systems proposed for 
global communications. A determina- 
tion as to which one will eventually be 
used for commercial purposes will prob- 
ably be made largely as a result of 
economic studies. Today, the cost of a 
system is largely a function of the 
booster vehicle costs required to place 
the necessary number of satellites in the 
desired orbit and the lifetime of the sys- 
tem or the cost of replacement. All of 
these factors will be weighed. It may 
be desirable to establish more than one 
type of satellite system, either because 
of the respective characteristics for pro- 
viding a particular type of communi- 
cations capability or just to provide re- 
dundancy in path and method to insure 
uninterrupted communications. If a 
system of passive satellites is placed in 
orbit for governmental purposes, be- 
cause it becomes effectively another 
ionosphere which everyone can use, 
commercial interests may be content to 
use it to avoid costs of establishing an 
independent system. 


All of these factors and more will be 
weighed. It is necessary that we press 
forward with all of the approaches so 
that the proper weighting factors may 
be assigned, and so that communications 
satellites will become a reality—the first 
real application of space flight tech- 
nology. 

+ + + 


Hovercraft 
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assumed to be fixed pitch, and the same 
fan and propeller characteristics were 
used in all the craft. 

(5) The drag coefficient was found 
to be approximately Cp = 0.325 based 
on frontal area which is about 0.12 
based on cushion area. 

(6) The duct efficiencies were not 
taken as a percentage of the fan or jet 
total heads as the simple analysis as- 
sumed but were based on experimental 
results which showed that AHauct = 
0.6gr, where gr is the dynamic head is- 
suing from the fan, and in all the craft 
the ducts were designed to thesame basic 
requirements. 
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(7) In addition to the peripheral jet, 
stability jets which compartment the 
cushion were included. The total area 
of the stability jets was approximately 
4 per cent of the cushion area and was 
determined by experiment to be about 
twice the critical size for stability over 
the range of incidence and heights con- 
sidered. 


Power/ Weight Ratio 


These detailed design studies were 
based on the SR.N2 configuration; 
Fig. 1 shows the variation of the power 
weight ratio with g/p, for a craft with 
its peripheral jets angled backwards 20° 
(y = 20°) in order to provide part of 
the propulsive thrust, at three height 
diameter ratios. 


In each case the jet thickness is con- 
stant, and so is the cushion pressure. 


The interesting point illustrated by 
these curves is that at zero forward speed 
the propellers have to be run in reverse 
thrust in order to balance the thrust 
from the angled lifting jets. In the re- 
verse thrust condition, the propellers are 
not particularly efficient and give only 
about 40 per cent of their forward thrust 
so that, even with only 20° angled jets, 
the power required at static lift is 
approximately the same as the power 
required at the (L/D)opt. condition. 
At the greatest height, h/d = 0.062, the 
static power requirement is greater than 
at the optimum cruising speed. 
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On each of these three curves, the 
optimum speed for the maximum lift / 
drag ratio has been indicated, and it was 
found that in each case the profile drag 
power is approximately equal to half 
the lift power at that speed, which is in 
accordance with what was predicted by 
the simple theory. 


Lift/Drag Ratio 


Fig. 2 shows the variation of the lift/ 
drag ratio plotted against g/p. for four 
h/d values, three of which were covered 
in the detailed power/weight ratio 
curves in Fig. 1. These lift/drag ratios 
are not just the nozzle lift/drag ratios 
but include the full effects of propeller, 
fan, and transmission efficiencies. The 
theoretical estimates have been com- 
pared with those obtained from a 1/12th 
scale model in which the fan powers and 
the drag of the machine were measured; 
it will be seen that there is a very reason- 
able correlation between the relatively 
small-scale experimental results and the 
theoretical estimates. 

One of the main points of interest in 
Fig. 2 is that, at the greater height/ 
diameter ratios, the lift/drag curve is 
very flat and there is no great loss in 
efficiency due to traveling below the 
optimum speed. At lower heights, how- 
ever, it becomes more important to 
travel at the optimum g/p.._ The varia- 
tion of this optimum g/p,. against the 
height/diameter ratio is shown in Fig. 3, 
and it will be noticed that for practical 
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purposes the optimum g/p-; varies almost 
linearly with h/d. The theoretical line 
using the same values of drag coefficient 
and jet angle has been plotted on the 
same curve for comparison, and it will 
be seen that it tends to overestimate the 
optimum cruising speed. 


Effect of Jet Angles and Thickness 


In addition to the influence of the 
height/diameter ratio and the forward 
speed, we are also interested in the 
effects of jet angle, jet thickness, and jet 
sweepback. These effects are shown for 
one height/diameter ratio in Fig. 4 ata 
q/p- which is close to the optimum value. 

From the simple basic theory it would 
appear that the more the jet is pointed 
inward, the lower the power require- 
ment, but this is true only if the cushion 
area remains constant, and one of the 
curves in Fig. 4 labeled ‘‘constant 
cushion area’”’ shows this effect. In 
practice, the structure weight of the 
machine is determined more by the 
overall plan area than by the cushion 
area so that, with a constant plan area, 
the cushion area increases as the jets are 
made more nearly vertical. The inset 
diagram in Fig. 4 shows this effect in an 
exaggerated way. 

Thus, although the maximum cushion 
pressure for a given power can be ob- 
tained in practice with a jet angle of the 
order of 30°, the maximum lift—and 
hence the maximum lift/drag ratio—is 
obtained when the jet angle is increased 
to about 45°-50°. 

This is a most useful practical result 
because, not only the duct losses are 
reduced since the air does not have to be 
turned through such a great angle, but 
for a given weight of machine the 
cushion pressure is reduced (which re- 
duces the spray), and the payload- 
carrying area of the machine is in- 
creased. 

These subsidiary effects have not been 
taken into account in Fig. 4 so that the 
optimum jet angle might well be in- 
creased even more toward the vertical. 

The increase in cushion area due to 
changing the jet from 30° to 45° is of 
the order of 10 per cent, and the im- 
provement in the lift/drag ratio is of 
the order of 5 per cent, to say nothing 
of the advantages of a much simpler 
structural design. 

The same diagram shows that the 
effect of jet thickness is even less than 
predicted by the simple theory so that at 
the optimum lift/drag condition there is 
a wide choice of jet thickness, the general 
tendency being to operate with a small 
jet thickness rather than a large one. 

The theoretical optimum for the 
speed and height conditions is indicated 
on the diagram, but, as has already been 
explained, the effect of jet thickness 
alters the power requirements by the 
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order of only 4 per cent over a very wil 
range. 

A most interesting result is the effe 
of angling back the jets. Theoreticalh! 
there is great improvement to be ¢ 
tained by angling back the jets so thy 
the lift and propulsion systems y 
integrated; simple theory would ing 
cate that an angle of about 60° woy 
yield optimum results. However, ; 
addition to the difficulty of operatiy 
in the static hovering condition wi 
reverse pitch, which was mention¢ 
earlier, there is also a clear indicatig 
that the optimum angling back of th 
jets is of the order of 20°-30°. If this; 
exceeded, the mass flow required for tk 
lift component is such that the rej 
tively high losses of the ducting syste 
do not make it worth while and it 
comes much more economical to provid 
the propulsive power from an exter; 
source such as propellers. 


Design Study on a Family of GEN; 


Structural Requirements 


Because a hovercraft is an af 
lubricated vehicle, it is often thous 
that the power required to drive it aloy 
is very little since the machine is virty 
ally frictionless. However, it has bee 
shown in the preceding paragraphs the 
the best that can be expected from tk 
simple peripheral jet system is a lif 
drag ratio of the order of 7, which mig! 
be increased to the order of 10 or 12 
very large vehicles operating at eve 
lower height/diameter ratios. 
lift/drag ratios are not particularly in 
pressive and the average aircraft can 
better than this. Consequently, if tl 
hovercraft is to be economically feasibk 
it must be capable of carrying a ver 
large payload. The problem then aris 
as to what is the optimum cushion pre 
sure at which a machine should be ope 
ated so that the basic dry weight is: 
minimum, and the payload a maximu 
percentage of the A.U.W. 

In order to study this problem, a ¢ 
tailed design investigation was made di 
wide range of machines varying from? 
to 400 tons. All these machines wet 
designed to operate at a speed of abou 
70 knots which is close to the lift/dra 
optimum; since they were primarily ¢ 
signed for overwater operation, it wa 
further assumed that their primar 
stressing case should be a 12g acceleté 
tion at the bow. This is the same figu 
that was originally used for the SR.) 
when it was designed to operate at: 
speed of only 30 knots. This figure wi 
retained on the assumption that th 
limits of passenger comfort are proball 
something of the order of an occasion 
acceleration of not more than 11/2 1 
the cabin. This corresponds to abot 
at the pilot’s cockpit and 6-8g4 
the bow. On top of this, a factor of 1’: 
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has been placed which leads to an 
ultimate stressing design criterion of 12g 
at the bow. This acceleration is approxi- 
mately equivalent to a force equal to 
the A.U.W. of the craft distributed over 
the bow area. 

It is interesting to note that on nearly 
all forms of passenger vehicle the design 
stressing condition is approximately 
equal to the A.U.W. of the craft applied 
at its extremities, and it is gratify ing to 
see the hovercraft falling into the same 
pattern. 

On the SR.N1 the peak bow accelera- 
tion which has been recorded at speeds 
of 40 knots is approximately 4g, but the 
acceleration rarely exceeds 1!/2g when 
operating in 12 to 18 in. choppy condi- 
tions in the Sclent with a clearance 
height of only 4 in. 

It has been found that the peak 
transient water pressures on the bottom 
of the craft are of the order of 30-40 
psi. However, when these are trans- 
ferred to relatively large panel areas, the 
mean effective water pressure for stress- 
ing purposes does not exceed 10 psi. 

On this basis the bottom skin of a 
hovercraft need not exceed 0.036 in. In 
order to achieve high percentage pay- 
load weights, it is necessary for the aver- 
age thickness of the sheet metal used in 
a hovercraft to be of the order of 0.028 
in., and this leads to a construction 
which is very close indeed to aircraft 
practice. The only difference is that the 
detailed stressing and the specification 
of the materials need not be as rigid as 
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for an aircraft over the whole of the 
machine, though there are parts of it 
which do require the full aircraft treat- 
ment. 

In the design study it has been as- 
sumed that the whole of the plan area of 
the vehicle is used as cabin space, and 
Fig. 5 shows the variation of weight per 
sq.ft. of plan area as a function of the 
design A.U.W. of the machine. Since 
the overall structure weight of the ma- 
chine has been found from a detailed 
analysis to be of the order of 20 Ibs./ 
sq.ft., whereas the weight of 22-gage 
sheet (0.028 in.) is only C.4 1b./sq.ft., it 
will be seen that the total surface area 
of the construction of a hovercraft is 
about 50 times its cushion area. At 
first glance one would not expect the 
overall constructional surface area of the 
machine to be much more than 8 or 9 
times its cushion area, and this gives 
some indication of the complexity of the 
structure. 

In the particular curve shown in Fig. 5 
the transmission weights are appropriate 
to a power which will give a 1 ft. hover 
height and are again plotted in terms of 
transmission and engine power weight 
per sq.ft. of area. 


Optimum Cushion Pressure 


In Fig. 6 the proportions of the struc- 
ture, power, equipment, fuel, and pay- 
load have been presented as percentages 
of the A.U.W. against the size of the 
vehicle operating at a 1-2 ft. hover 
height. In both cases it is assumed that 
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the machine has a range of about 200 
nautical miles. 

These curves have been drawn for the 
optimum-size hovercraft that will carry 
the maximum percentage payload; as- 
suming that this is passengers or passen- 
gers and cars which have about the 
same density/sq.ft. 

The designs used in this study all bear 
a strong family resemblance to the 
SR.N2, anda general arrangement of the 
largest of the machines studied, com- 
pared with the SR.N2, is shown in Figs. 
7 and 8. 

The way in which the optimum has 
been determined is illustrated in Fig. 9 
It is assumed that a machine with an 
A.U.W. of 100 tons is operating at a 
fixed mean weight at a hover height of 
1 ft. over ranges of 200 and 600 n.m. As 
the cushion pressure is increased, the 
size of the machine is reduced, hence the 
power has to be increased. Thus the 
payload as a percentage of the consant 
A.U.W. of 100 tons will steadily increase 
in the manner shown by the curves (A). 

On the other hand, when the cushion 
pressure is increased, since the size of the 
machine is reduced, the floor area avail- 
able to carry passengers is decreased, as 
shown in curve (B) of Fig. 9. Thus a 
hovercraft of 100 tons A.U.W., designed 
to 100 Ibs./sq.ft. cushion loading, would 
be capable of carrying 50 per cent of its 
A.U.W. as payload, yet the space avail. 
able to carry passengers would allow 
it to carry only about 25 per cent of its 
A.U.W. as payload. The optimum 
cushion pressure occurs where these two 
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lines cross, which is in this case about 
56 Ibs./sq.ft., giving a payload/A.U.W. 
ratio of about 40 per cent. This opti- 
mum cushion pressure is, of course, only 
the optimum for carrying passengers. It 
js fortunately about right for both cars 
and passengers, but it would increase 
considerably if the hovercraft were de- 
signed to carry heavy freight. 

Fig. 10 shows the density of different 
types of freight, and, when this density 
exceeds 60 Ibs./sq.ft., curve (B) of Fig. 9 
would be moved upward and would no 
longer intersect curve (A). This would 
indicate that full use could not be made 
of the planform area of the machine. 

Another interesting thing is that, if 
the range is increased, more fuel is re- 
quired and less payload can be carried; 
therefore, the optimum cushion pressure 
increases as the range increases. In the 
particular case shown in Fig. 9, it 
should be noted that the optimum pay- 
load ratio that can be achieved is about 
50 per cent and this is obtained at a 
cushion pressure of 80-100 Ibs./sq.ft. 

The variation of this optimum cushion 
pressure for passenger-carrying hover- 
craft dictated by this structural weight 
analysis is shown in Fig. 11 for a 200- 
n.m. range with 1-ft. hover height and 
for 600-n.m. range with 2-ft. hover 
height. This indicates that the small 
machines of the order of 25 or 30 tons 
require rather high cushion loadings but 
that this loading reduces very rapidly 
and levels off between 55 and 70 Ibs. 
qs.ft. depending on range and height re- 
quirement when the size of the machine 
is of the order of 100 tons. 

It will be seen from this study that 
with hovercraft operating at a height of 
about 1-2 ft., the maximum percentage 
A.U.W. with passengers or cars is 
achieved at the relatively low weight of 
about 100-150 tons, and that an increase 
of A.U.W. to the order of 400 tons is not 
likely to produce a marked increase in 
the percentage payload that can be car- 
ried (Fig. 6). 

For machines with a range of 600 
n.m. the case for the large hovercraft is a 
little better; but, once again, very little 
improvement in percentage payload can 
be achieved beyond the A.U.W. of about 
200 tons. 
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Intriguing 


This is a most important result be- 
cause at one time it was felt that in 
order to get the best out of hovercraft it 


would be necessary to build them in ~ 


1,000-5,000 ton sizes, but to do this 
with aircraft-type construction would be 
rather impractical. However, the result 
of this study shows that 100-200 tons is 
about right for an optimum machine 
based on the simple momentum curtain 
concept, and that even machines of 75 
tons A.U.W. should be very close to the 
economically optimum vehicle, particu- 
larly for sheltered water operation. 

Since these machines are not likely to 
be too large, the capital investment re- 
quired should not be appalling. Fur- 
thermore, it is quite possible that the 
next generation of machines will be in 
this class. 

It is fairly clear from the study that 
passengers are almost the ideal payload 
for these machines. A secondary but 
nevertheless important result is that the 
economically optimum machine is also 
the one which will generate the least 
spray since it will be noted that the 
optimum cushion pressure reduces as the 
size increases, and levels off to the value 
of about 60 Ibs./sq.ft. for 100-ton 
vehicles. 


Dynamic Stability Over Waves 


In order to study the dynamic be- 
havior of ground effect machines over 
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waves, a number of dynamic models 
have been tested over a variety of wave 
patterns and the results have been used 
to determine the coefficients in some 
simplified equations of motion. The 
models were tested over a series of waves 
at various speeds, and the heave and 
pitch response, together with a few bow 
accelerations, were measured. Then the 
simplified equations of motion were set 
up on an analog computer with calcu- 
lated stiffnesses and wave forcing terms, 
but the damping terms which are diffi- 
cult to calculate theoretically were var- 
ied on the analog computer until reason- 
able correlation had been obtained with 
all the test results. 
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Fig. 13. Hovercraft behavior over waves. 
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If we assume that the motions over 
waves can be linearized, and that coup- 
ling between pitch and heave can be 
neglected, then the equations of motion 
are 


—Wegh = ki(h — Ahw) + 
un(h — Ahw) + F(P) 
—Ig6 = Ko(@ — Bow) + (1) 
ue(@ — Bow) + 
2) F(P) 
where kn, ke, un, and ype are the stiff- 


nesses and dampings in heave and pitch; 
hand h, are the hover heights and wave 
height measured from a mean calm 
water datum; 6 and 0, are the craft 
incidence and wave slopes, respectively ; 
and 6, can be related to wave height 
h. for a given wave length. 

The terms in F(P) are the water im- 
pact forces which are a function of the 
depth of immersion and the speed. This 
term is only effective when wave impact 
occurs, and it is assumed to occur only 
at the bow. 

The coefficients A and B need further 
explanation 

Since the bottom of a simple hover- 
craft is flat, but it is traveling over si- 
nusoidal waves, then the effective height 
varies all along the length of the craft 
and will depend upon the wave length to 
craft length (A//). Asa first approxima- 
tion, both the heave and pitch forcing 
due to this effect have been calculated 
using a simple strip theory which as- 
sumes that the local cushion pressure is 
a function of the local height from the 
wave. On this basis, values of A and B 
can be determined for particular \// 
values. These terms A and B really re- 
late the heave and pitch cushion forcing 
pressures to equivalent flat surface 
values so that known flat surface stiff- 
nesses may be used directly. 

The impact force for a particular bow 
configuration has been calculated as 
well, and a typical result for a hover- 
craft bow operating over waves of \//] = 
2 at a speed of 60 knots and a frequency 
of encounter of 1 eps is 

d[F(P)/W)/dh; = 1.5 
when the bow is both entering and leav- 
ing the wave, where /; = the depth of 
immersion. These values not only de- 
pend on the wave length to craft length 
but also vary as the (frequency)? and 
the (speed)? 

The next step was to find a single 
numerical form of the equations which 
would give reasonable agreement with 
all the experimental results. This was 
done by putting the equations of motion 
on the analog computer, using the 
calculated values of the stiffnesses and 
forcing terms, and then adjusting the 
dampings and bow impact terms until 
the degree of agreement was satisfac- 
tory. The final numerical form of the 
equation was then 
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h = —14 (ho — 0.8hy) 


1.05 (ho — 0.8hw) — 48 F P| 

6 = —5.5 (0 — 0.032 hw) — (2 
0.33 (6 + 0.032 hw) — | 
7.5.F(P) 


simple flat-bottom GEM operating at, 


hover height 2/1 = 0.02 over wave} 
whose length are A// = 2. For thi} 


case, the pitch stiffness is perhaps lower| 
than could be achieved and approx. 
mately equal to a 1 per cent C> shift pe| 
degree of incidence (Fig. 12) 

From these results it was found that 
the ratio of the damping to the critic, 
damping was 


u/2K'? = 7 per cent of critical in pite) 
= 14 per cent of 
heave 


critical 


The comparison between computer 
results and the test tank data for tn 
typical cases is shown in Fig. 13. One 
these results is for a steady oscillatio, 
with no impact, while the other illus 
trates the effect of a bow impact. Ever 
at this stage it will be seen that GE\ 
dampings are not at all good, but the 
results obtained are in remarkabk 
agreement with simple two-dimensiona 
damping theory. 

The analog computer can now be used 
to obtain a broad picture of the over 
wave behavior, and some of the results 
based on Eq. (2) are shown in Fig 
14-17. These figures give the bow ané 
c.g. displacements and _ acceleration 
plotted against the frequency ratio 


frequency of encounter 


pitch natural frequency 


The results apply for one wave length 
given by \// = 2 and are shown for tw 
wave heights hy/ho = 1/2 and 3/2. 

It was pointed out earlier that, for the 
most practical GEM’s, natural periods 
would be of the order of 2 sec.—ic 
natural frequency is approximately 1/2 
cps. 

Hence for a craft which is, say, 50 ft 
long, the wave length for which thes 
curves would apply, would then be 10 
ft. long, and at a speed of 70 knots the 
frequency of encounter/natural fre 
quency ratio would not exceed 2.5. 

Similarly, for a craft 100 ft. long, this 
frequency ratio would not exceed 1'/: 
although the results are shown for ratics 
as high as 4, which would represett 
speeds of 150 to 200 knots. 

These curves show that at the lower 
wave height when no impact occurs, tht 
peak accelerations at the bow occur al 
both the pitch natural frequency antl 
the heave natural frequency and thal 
these are of the same order 
0.4 g—but at the c.g. the worst acceleré 
tions are related to the heave naturd 
frequency. They peak at 0.35g but a 
cruising speed are only about 0. 15g. 
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Fig. 18. One g acceleration boundary. 
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accelerations. 


At the larger wave height where im- 
pact occurs, both the displacements and 
the accelerations reach their first peak 
at the heave natural frequency. The 
second peak acceleration at the bow is 
at roughly twice the pitch frequency, 
but the worst response and acceleration 
occur at about twice the heave fre- 
quency. 

In this particular example, bow and 
c.g. accelerations of the order of 9 and 
2'/. g, respectively, were obtained when 
the frequency of encounter was close 
to the heave natural frequency. This 
result has been noted on several models, 
but, because the heave and pitch fre- 
quencies are so close together, it was 
originally thought that the serious 
condition was at twice the pitch fre- 
quency; however, it now appears that 
perhaps the more important frequency 
is the heave. 

It should be noted that these re- 
sponse curves are very similar in shape 
to those obtained on hydrofoil boats, 
but the peak bow acceleration of about 
9 gis much more severe in this particular 
example.‘ 

The analog computer was then used 
to find the effect of varying some of the 
coefficients, and, although these results 
are not shown on the figures, they can 
be summarized as follows: 

If the pitch damping is doubled, the 
peak acceleration at the c.g. is re- 
duced by about 40 per cent from 2.5 g 
to 1.5 g; but at the design operating 
speed, the c.g. acceleration is unaffected 
and is of the order of 0.5 g. 


If the pitch stiffness as well as the 
pitch damping is doubled, then the 
peak acceleration at the heave natural 
frequency is reduced to about !/2 ¢, but 
at the operating speed it is increased to 
about 11/; g. Too much pitch stiffnes ; 
is a considerable embarrassment 

The equations of motion which fit 
the experimental results assume that 
when impact occurred the force on the 
bow was the same when it was entering 
the water as when it was leaving the 
water. However, there is considerable 
evidence to suggest that the force on the 
bow when it is leaving the water is only 
about one-third of the initial impact 
loading. This is equivalent to a hy- 
drodynamic damping, and the curves 
show how this affects the response. 
At the actual test points, this effective 
hydrodynamic damping had very little 
effect, but at the conditions of peak 
response which occur close to the heave 
natural frequency, the accelerations and 
displacements were reduced by about 
40 per cent and it was found that hy- 
drodynamic damping of this form re- 
sulted in an improvement which was 
approximately equal to the improve- 
ment that can be obtained by doubling 
the cushion pitch damping artificially 
by means of an autopilot. As might be 
expected, it is fairly clear from this 
detailed consideration of the bow that 
design can do a great deal to reduce 
response when impact is likely te occur. 

The next step was to vary the wave 
length to craft length and determine 
what was the ratio of wave height to 
hover height that can be tolerated. 
In this particular example the criterion 
assumed was that the c.g. acceleration 
should not exceed 1 g; these results are 
shown in Fig. 18 for a craft with the 
equations of motion as given in the Eq. 
(2): 

The curves are plotted for two speeds 
—30 and 60 knots; it will be seen that 
at 30 knots the worst wave length 
occurs between 2 and 3 craft lengths, 
whereas at 60 knots the worst condition 
is at 11/2 and at 4 craft lengths. 

However, for waves longer than 3 or 4 
craft lengths, the wave height that can 
be tolerated rapidly increases. If the 
dampings are doubled or if the seas are 
random instead of regular, then the 
wave height that can be tolerated is 
also approximately doubled. These re- 
sults are in good agreement with the 
early rule of thumb results which sug- 
gested that a hovercraft could operate 
in waves approximately twice its hover 
height. 

The only full-scale experience avail- 
able is on the SR.N1. This craft has 
been operated in the Solent at a speed of 
about 40 knots over short choppy seas 
with a wave height of between 1 and 
11/. ft. In these tests the cushion 
height was approximately 7 in. meas- 
ured from the edge of the inner jet 
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curtain, but underneath the machine 
there is a hydrodynamic wedge which 
sticks down and reduces the actual 
clearance height to about 4 in. 

Fig. 19 shows the results analyzed 
from a bow accelerometer mounted 
solidly on the structure; the curve 
shows the number of times per minute 
that a particular level of acceleration 
was achieved. 

For purposes of comparison, readings 
were also obtained on a number of 
other vehicles—a double-decker bus, a 
Ford Escort van, a bicycle, and the 
electric train from Waterloo to Ports- 
mouth. As might be expected, the 
peaks are close to the natural frequency 
of the vehicles. The hovercraft results 
were taken right at the bow, while the 
other values were taken at a convenient 
point as far forward as possible on the 
vehicles concerned. We known from 
experience that both the double-decker 
bus and the Waterloo/Portsmouth 
trains provide a most unpleasant ride; 
even though the g is relatively low, the 
high frequency of the low g’s is dis- 
tressing. The Ford Escort has fairly 
hard springing, and a much more com- 
fortable ride was obtained by ballasting 
the car with four people. This reduced 
the frequency but increased the value 
of the applied g. The hovercraft 
results are then very similar to what 
might be expected in a softly sprung 
Americancar. This, it should be noted, 
was achieved at 40 knots over a 1-ft. 
chop with only a 4-in. clearance between 
the solid structure and the ground. 
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These results are much better than 
the theoretical values because the 
SR.N1 was operating over random 
seas whereas the theoretical and model 
experiments were for regular sinusoidal 
waves which represent a severe case. 
When model tests are made in random 
seas, it is found that wave heights can 
be doubled for the same impact accel- 
erations. 

It is fairly clear from these results 
that a hovercraft’s overwave perform- 
ance must be considerably improved if 
it is to operate in a seaway. Much 
can be done by improving the damping 
and by careful bow design,but an alter- 
native answer is to get the solid struc- 
ture as far from the waves as possible. 

One such method of doing this is, 
of course, to use sidewalls, and Figs. 
20 and 21 show a comparison of heave 
and pitch response of various flat- 
bottomed: and sidewall models which 
have been tested.’ The figures also 
show some typical ship results at 
\/l = 1, which represent the worst 
wave length for this particular test.® 

It is interesting to note that in nearly 
all cases impact begins to occur when 
the wave height is 1—-1!/. times the 
effective cushion height. Thus a craft 
with sidewalls 4 ft. deep would begin 
to experience wave impacts when the 
waves are 4-5 ft. high. Although this 
is an improvement over the flat-bot- 
tomed results, it is obtained at a con- 
siderable performance penalty because 
the sidewalls slice through the water 
and cause a marked increase in drag. 
For example, for the same height of 
wave, it is found that the increase in 
drag on the flat-bottomed craft was of 
the order of 19 per cent at 70 knots, 
whereas it is as high as 60 per cent for 
the sidewall craft. 


Economics of GEM’s 


It has been shown that the best aero- 
dynamic lift/drag ratio that can be 
achieved by a hovercraft is approxi- 
mately S/Ch = 10 to 12, which com- 
pares reasonably with the aerodynamic 
lift/drag ratio of aircraft; but when the 
fan, transmission, and duct losses are 
all taken into account, the best practical 
lift/drag ratio is only of the order of 
5 or 6 and this is obtained at speeds of 
70 to 100 knots. 

Hydrofoil boats achieve effective 
lift/drag ratios of the same order at 
40-50 knots, while aircraft can achieve 
net lift/drag ratios of the order of 10 to 
15 at speeds up to 500 knots. 

However, the lift/drag ratio alone is 
not a suitable way of comparing ve- 
hicles. A more complete way is to use 
the direct operating cost, but this can 
get involved in so many arguable as- 
sumptions as to cost of manufacture, 
type of fuel, efficiency of operation, 
utilization, etc., that is is possible (by 
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suitable ‘‘adjustment’’) to make the 
direct operating cost figure equal to any 
desired value. In fact, it is doubtful 
that direct operating costs can mean 
anything at all until commercial vehicles 
have actually operated. Even then, 
they are influenced by the cost of living, 
the political situation, and a host of 
other intangibles 

From a purely engineering point of 
view, there is a much simpler definition 
of vehicle efficiency which gives a direct 
indication of the ultimate potential of 
the vehicle in the transport field. This 
efficiency is the pounds of fuel required 
to carry one ton of payload one mile. It 
is numerically equal to 
Nvehicle = hp s.f.c./payload X speed 

This 
cludes: 

(1) The degree of engine develop- 
ment in the various vehicles. For 
example, a designer who chooses a gas 
turbine instead of a diesel engine only 
does so if it will give him a gain in 
payload and speed, but he pays for this 
in fuel comsumption. 


definition automatically in- 


(2) The efficiency of the structural 
design because the efficiency parameters 
includes the payload to A.U.W. ratio. 

(3) The ingenuity of the designer in 
providing sufficient space for the pay- 
load. 

(4) The benefits of speed and also 
any effects, such as an increase in 
structure weight due to increases in 
speed, which would reflect on the pay- 
load to A.U.W. ratio. 

Fig. 22 compares the efficiencies of a 
wide range of vehicles from ships to 
ballistic missiles, and illustrates the 
rather point that most 
modern forms of transport in their early 
crude forms required between 50 and 
100 Ibs. of fuel to carry one ton of pay- 
load one mile. This is followed by a 
period of rapid development where both 
speed and efficiency are increased until, 
at about 2 Ibs. of fuel per payload ton- 
mile, a vehicle becomes economically 
competitive In an effort to attract 
more business, both the speed and the 
size are increased, usually beyond the 
optimum economic point, until physical 
limitations require a new engineering 
approach. 

Overland transport is fairly well 
covered throughout the speed range by 
cars, trains, and airplanes, though the 
hovercraft may still find application 
as a high-speed overland transport in 
undeveloped countries, or as a hover- 
train or levapad type of vehicle oper- 
ating on¢a special track in highly civil- 
ized countries. Of these two types of 
overland hovercraft application, the 
hovertrain is likely to be the most 
economically practical since it reaches 
optimum efficiency at about 200-250 
m.p.h. and would be highly competi- 


interesting 
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tive with both aircraft and intercity 
helicopters. 

There is a large gap in the field of 
overwater transportation which extends 
between 20-30 m.p.h. up to 120 m.p.h.; 
it is in this region that the hydrofoil 
boat and the hovercraft will be com- 
petitive. 

This part of the diagram has been 
expanded and is shown in more detail in 
Fig. 23 which indicates that the opti- 
mum speed range for the hydrofoil boat 
is between 40 and 60 m.p.h. while the 
hovercraft’s optimum is of the order of 
100 m.p.h. The hydrofoil boat results 
have been taken from von Schertel’s 
recent paper? in which he points out 
that, in his opinion, the hydrofoil boat 
will operate in the sphere of the rela- 
tively short-range ferry up to 60-100 
miles, and that it is unlikely that the 
hydrofoil boet would be used for long 
transoceani voyages which can be 
handled so much more easily and effi- 
ciently by aircraft. 

The same is generally true of the 
hovercraft. Our considered opinion 1s 
that hovercraft of the 100-150 ton size 
could be made to operate economically 
over relatively short ranges and at 10H 
m.p.h. in seas up to 4 or 5 ft., and at 
reduced speed in seas up to 8 ft. 

The hydrofoil boat of the same size, 
on the other hand, will probably operate 
at a speed of about 50 m.p.h. in 6% 
ft. seas, and at reduced speeds in 12-14 
ft. waves. 

The choice of a hovercraft or a hydro- 
foil boat will obviously depend very 
much on local conditions. Sheltered 
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water and longer ranges favor the hover- 
craft, and short ranges with rough sea 
conditions favor the hydrofoil boat. 
However, these conditions are incom- 
patible since rough seas are more likely 
on longer ranges. 

It should be pointed out that both 
the hydrofoil boat and the simple hover- 
craft have about the same efficiency 
ie., one pound of fuel per payload ton- 
mile. However, there is still a gap in 
the efficiency diagram (Fig. 23) in the 
region of 60-80 m.p.h. for a vehicle 
with an efficiency of about 0.5 Ibs. of 
fuel per payload ton-mile, and it has 
been argued that very large hovercraft 
of the order of 1,000 tons would achieve 
these figures. 

However, the design study referred 
to earlier in this paper investigated in 
considerable detail the influence of 
increasing A.U.W. up to 400 tons. The 
results are given in Fig. 24, which shows 
the direct operating cost based on a 
typical aircraft method of estimation in 
pence per ton nautical mile for a car 
and passenger ferry plotted against 


A.U.W. for various hover heights. The 
vehicle was assumed to have a fuel 


capacitv for 200-n.m. range, but the 
direct operating cost figures will ap- 
proximately apply over ranges from 40 
miles up to 200 n.m. This curve shows 
the same tendency seen in Fig. 11, and 
illustrates that the minimum direct 
operating cost can be achieved with 
vehicles of between 100-200 tons 
There is thus not a great deal to be 
gained by going to very large sizes. 
This optimum value is of the order of 
ten-pence per ton-mile, which is 
equivalent to one penny per passenger- 
mile.* 

It will be seen that a 200-ton vehicle 
carries as many as 850 passengers and 
that even a 100-ton machine takes 350. 
This 100-ton hovercraft could carry 
the same number of passengers per day 
as a 4,000-ton cross-channel ferry, and 
its capital cost is of the same order. 
A 1,000-ton hovercraft would therefore 
be equivalent to about ten cross-channel 
ferries, and thus an extremely high 
volume of traffic is necessary to justify 
the very big machines. Large volumes 


* To convert to cents multiply by 1.16. 
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of traffic may be obtained during rush 
hours and the holiday months, but, in 
order to get a high ultilization of the 
hovercraft, it is fairly clear that it needs 
to operate in highly industrialized areas 
where there is likely to be a large, steady 
traffic potential. 


Capital Cost 


As a general rule it has been found 
that direct operating cost is divided 
into three equal parts which are at: 
tributable to capital cost, maintenance, 
and fuel costs. Thus halving capital 
cost will reduce direct operating cost 
by only '/eth, but of course it would 
have the effect of doubling the effective 
profit for a given ticket price so that the 
capital cost has a much greater influ- 
ence than the direct operating 
figures alone would indicate. 


cost 


The variation of capital cost per 
pound of basic manufactured weight is 
shown in Fig. 25 and is compared with 
the manufacturing costs of other types 
of vehicles in Fig. 26. This shows that 
at the present moment the hovercraft is 
still a rather expensive vehicle costing 
about £7.5 per lb. of empty weight, 
but it would be reasonable to assume 
that during the course of development it 
could be reduced to figures comparable 
with at least executive twin aircraft. 


Operational Features in GEM 


(Continued from page 19) 
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Vehicle Induced Environment 


The induced environment of the 
GEM is the effect of the vehicle on 
the surrounding area, including per- 
sonnel within or in close proximity to 
the vehicle. Some of the more promi- 
nent problem areas under this heading 
are: the downwash disturbance field, 
noise levels and attenuation, and static 
electricity. 

Further analysis of the downwash dis 
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turbance problem is vital to the develop- 
ment of an operational military GEM. 
This problem assumes critical propor- 
tions for low-speed and hovering opera- 
tion, where the vehicles are enveloped 
in dust or spray. One manifestation of 
the downwash disturbance is potential 
reingestion into the lift/propulsion sys- 
tem, reducing the efficiency of the sys- 
tem and leading to serious component 
damage. Also, at low speeds the down- 
wash disturbance will significantly re- 
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Combat and Induced Environment ] 
Parameter Level, and Rance 
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Component-generated temperature 
allowable in crew compartment... 100°F for 115°F outside 
Static Electricity Potential -- 
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“ Stability (heave, pitch, roll)... + up to h/D = 15% 2 190 a | 
Sound (max. crew compartment)... . 100 db w 
Exhaust Gases, max. concentration | CO .005%, CO 3 x STANDARD | 
Downwash Disturbance............. 5 lb/in? per hour on “ GEM 
Cc. G. Travel, gross load......... fore-aft + 10% lengtt H D+ 10% 
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U 
rc 
| Vulnerability (armor reqt.)...... 7.62 mm fire at 200 | | 
| Damage Protection..............-- operable with 20% jet close ff | 20 f SHORT RANGE 4 t 
Field Repairs, Maintenance....... 600 hrs between inspé HYDROFOILS 
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100 db at 25 yd | | 
Radar Reflectivity, max., 10 
| 10.0 £t of effective diameter... -20 meter? 10 1.0 10 100 1000 10,000 100,000 1,000,000 
Fig. 3. Suggested classification of GEM combat and induced environment. Fig. 4. 


Overwater transportation spectrum. | 


duce the visibility of the driver. Under 
these circumstances, the GEM must be 
operated with considerable caution, or 
by reference to instruments if the spray 
is not controlled. 


GEM's approach. The suppression of 
these and infrared emanation assume a 
great importance in the combat environ- 
ment. 

The vulnerability of the GEM to 
damage by enemy fire must also be ana- 
lyzed, particularly the effect of damage 
to the lift system; in this case, a re- 
quirement for armor plating in certain 
areas of the vehicle might be a con- 
sideration. 

Associated with the combat environ- 
ment is the requirement for develop- 
ment of maintenance concepts for this 
vehicle consideration 


New Investigations 


The control of the aforementioned 
and other combat environments must be | 
analyzed in terms of the effect of sup- 
pression devices or other design con- 


Noise Elimination siderations on vehicle performance. 


The noise generated by the military 
GEM may have adverse effects on per- 
sonnel inside the vehicle and in proximity 
to the vehicle during hover and cruise 
flight. Noise may also contribute to 
early structural fatigue. These prob- 
lems will be accentuated for GEM’s 


With this in mind, every attempt is 
being made by Booz-Allen to define an 
area of operation for classifying these 
widely different topographic and oceano- 
graphic features. Fig. 2 is indicative of 
the suggested format, which, on com- | 
pletion, should provide a ready reference | 


used in confined areas—for example, a 
cargo handling device used inside a 
warehouse, or ship hold. The noise 
spectrum of the GEM vehicle must be 
ascertained and compared with military 
specifications for acceptable noise levels 
in order to determine areas where sup- 
pression is required, or where operat- 
ing limitations must be imposed. 


Particularly, 
must be given to field repair of damage 
to the lift system. A simplified ‘‘patch 
kit’’ may be found suitable for this kind 
of work. Possibly, provision can be 
made for closing a damaged section and 
maintaining operation with an incom- 
plete jet “curtain.” There is also an 
obvious problem in lifting the weight of 


source for specifying and evaluating 
specific designs. 

At the present time, work on this 
subject is still incomplete, but a tenta- 
tive format covering the induced and 
combat environment parameters is pre- 
sented in Fig. 3. Although the list is 
by no means considered complete, it is 
hoped that it will provoke sufficient at- 


No previous mention, to the author's the vehicle to work on the underside tention to allow an up- or downgrading 
knowledge, has been made of the static components of values considered desirable at the 
electricity problem; but the airflow 
through the lift/propulsion system— 
carrying with it dust and spray par- 
ticles—may create significant static 
charges on the vehicle during hovering CLASS | CLASS 11 CLASS 111 
and cruise. Such a charge could cause 


dangerous sparks, or serious injury to 
personnel. The extent of this problem 
must be analyzed for the particular 
vehicle and a means recommended for 
static discharge or grounding of the 
vehicle. 


Vulnerability and Maintenance 


A GEM operated in a combat en- 
vironment will be subject to the special 
elements of this environment. Two 
important problems introduced by this 
environment are avoidance of detection, 
and protection against enemy fire. The 
preceding discussion has outlined the 
problems associated with surface dis- 
turbance and noise, both of which afford 
the enemy a means of detecting the 
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February 1961 


| 
a | 
} 
3 R 
| 
| 
— 


1,000,000 


mentioned 


ts must be | 


ct of sup- 
esign con- 
nance, 


attempt is 


» define an 
ying these 
nd oceano- 
dicative of 


1, On com: | 
y reference | 


evaluating 


rk on. this 
ut a tenta- 
duced and 
ters is pre- 
the list is 
iplete, it is 
ifficient at- 
ywngrading 
ble at the 


WING LOADING — LB. SO. FT. (AIRCRAFT) 


BASE LOADING — LS. SQ. FT. (GEMS) 
HULL LOADING — LB. SQ. FT. (SHIPS) 


LARGER & FASTER 
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time of writing. It should also be noted 
that although the values given have 
been based on best available data, they 
are by definition somewhat opinionated 
and do not reflect official thinking in 
any way. 

From Fig. 4 it is obvious that a wide 
range of speeds and sizes are currently 
achievable, presupposing a similar range 
in application. There are, however, 
few operations currently feasible, and 
any investigation into this soon reveals 
which are “‘on’’ and which are not ‘‘on”’ 
from various points of view. Most 
hardware projects at the present time, 
for instance, are being applied to mis- 
sions suiting the current ‘‘state-of-the- 
art” limitations on range, stability, 
control, and hover weight. They are 
also achieving reasonable operational 
utility by operating at very low cushion 
pressures and h/d’s to make up for their 
smallness in size, for it is only with size 
and optimum cushion pressures that 
the GEM transport can compete on an 
economic basis with other vehicles. By 
accepting these restrictions, it is be- 
lieved a great deal of “know-how” is 
being accumulated and that the very 
presence of these relatively inefficient 
machines will lead to bigger and better 
GEM’s. Whereas this picture is really 
very fine for the transportation people, 
it certainly does not hold too much hope 
for those concerned in the development 
of smaller vehicles designed for certain 
military applications. In fact, for jeep 
replacement in the Army, motor launch 
replacements for the Navy and perhaps 
small amphibious assault craft for the 
Marines, it would appear that con- 
siderable breakthroughs are required 
before they are sustained by the use of 
the ground effect phenomenon. Bar- 
mng any ‘‘breakthroughs,”’ it is highly 
unlikely that these types of vehicles 
will be of any greater value to the mili- 
tary than currently available light heli- 
copters. 


Vehicle Classification 


With this general philosophy in mind, 
a suggested vehicle classification is pro- 
posed so that useful meaning can be 
expressed when describing particular 
vehicles. Fig. 5 illustrates a classifica- 
tion system covering marine, amphib- 
ious and overland vehicles. 

While each vehicle’s classification is 
rather generalized here, it should be 
noted that the detailed description of 
environmental parameters covered by 
these general headings will allow a 
vehicle’s modus operandi to be fully 
understood by the designer and the 
user. At the present time, it would ap- 
pear that only Classes I (a) (b) (c), II 
(a) (b) (c), and III (c) could be opera- 
tionally projected. 


Desirable Features 


In any discussion on desirable fea- 
tures, there must inevitably be a wide 


range of opinions as to what is meant 
by the term desirable. This is par- 
ticularly true when making comparisons 
with other vehicles which have lengthy 
backgrounds and world-wide acceptance 
relative to their individual capabilities. 
It is perhaps convenient, therefore, to 
discuss some of these vehicles and how 
they compare with the GEM, so that 
the basic differences are fully understood 
and the unique properties of the GEM 
realized. Ships, for instance, are 
measured by their displacement in water 
indicating that as they become heavier 
and faster, hull pressures increase on a 
linear scale; aircraft in general have 
increased wing loadings the faster they 
become, although for any one particular 
speed, wing loading remains relatively 
constant regardless of size. The GEM 
has a planform loading that will, in 
general, remain constant irrespective of 
size or speed. Fig. 6 is indicative of the 
general variation in planform loadings 
and provides us with the knowledge 
that the GEM is unique in this respect 
and will be easier to optimize on a struc- 
tural basis than the aircraft or ship. 
This constant planform loading also 
suggests the vital key to the GEM’s 
greatest deficiency—the fact that re- 
gardless of speed, lift power must be a 
high proportion of the total installed 
power, thus providing us with our 
greatest need relative to future research 
and development. Fig. 7 has been 
drawn to show the great advantages to 
be gained from improvements in pump- 
ing devices and must surely be our guide 
when evaluating military acceptable 
vehicles or any “across-the-board” 
analysis. With most designs now being 
proposed in the medium-to-small range 
(1,000 to 100 tons or less and capable of 
100-knots cruise speed), it would appear 
that specific powers should be within 
the 80-30 hp./ton and 130-70 hp./ton, 
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respectively, if they are to be con- 
sidered operationally acceptable on a 
commercial basis with other vehicles. 
While it can be argued that the military 
services may or should accept opera- 
tional vehicles when they are not com- 
mercially attractive simply because no 
other vehicle can do the job, it is always 
a strong point in favor of a proposed 
vehicle when it is economically feasible. 
On this particular point, of what is 
practical and economical, it would be 
wise to consider the work now being 
undertaken by the National Research 
Development Corporation and_ the 
Hovercraft Club of the United Kingdom. 
Nowhere in this program can you find 
vehicles flying at high h/d’s and, there- 
fore, capable of cross-country or open- 
sea operation; neither will you find 
vehicles! with L/Des. greater than 6. 
All of this indicates the U.K.’s recogni- 
tion of the fact that current GEM’s are 
severely limited in application as to 
height capability as well as to range. 
With these limitations in mind, they 
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Project Transit (continued from 


are apparently leaving the development 
of “bigger and better’? GEM’s to the 
United States, which has established an 
excellent reputation for such endeavors. 
As a consequence, a crop of moderate- 
sized hovercraft will make their ap- 
pearance as the first contenders in the 
commercial field but possessing little 
or no immediate military applications. 
On the other hand, the development of a 
military machine in this country will 
eventually provide an excellent founda- 
tion for future commercial applications, 
a fact which should be borne in mind 


when considering the differences in 
philosophy between their efforts and 
ours. 

Reference 


1 Fielding, P 
Vehicles—Operational Limitations and Fu- 
ture Developments, Booz-Allen Applied Re- 
search, Inc 


G., Marine Air Cushion 


Bethesda, Md. (presented at 


SAE Annual Meeting, Detroit, Mich., 
Jan. 9, 1961 
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Thus, the trick of Transit is to use the 
entire Doppler curve and the powerful 
methods of numerical analysis to obtain 
the necessary precision. If the orbit 
of the satellite is accurately known, 
then the data from the complete Doppler 
curve yields precision position deter- 
mination. If complete Doppler data 
from one or more known station loca- 
tions are obtained, then the complete 
satellite orbit may be determined. 

In 1957 an analysis of the Doppler 
data from Sputnik I, using only one re- 
ceiving station, yielded the complete 
orbit of the satellite.| The method of 
determining the orbit of the satellite 
from Doppler data while complicated 
and elegant is quite straightforward.® 
An approximate initial satellite position 
(xo, Yo, Zo) and velocity (%o, so, go) are 
assumed and an orbit is computed 
utilizing the best available description 
of the earth’s gravitational field. Next, 
the frequency which a particular ground 
station would receive from such a 
satellite in this orbit is computed in- 
cluding the important effects of the rota- 
tion of the earth. The differences be- 
tween the actual measured frequency 
and the computed frequency at each 
value of time are determined, squared, 
and summed. Differential corrections 
for the original approximate initial esti- 
mate of the satellite position and veloc- 
ity are also obtained. This process is 
repeated many times until the sum of 
the squares of the residuals is a mini- 
mum. This method of differential cor- 
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rections, therefore, yields the ‘‘best’’* 
values for the orbital parameters. A 
similar but somewhat simpler procedure 
is used to determine the location of the 
receiving station when the satellite orbit 
is accurately known (navigation). 

Thus, the Transit system utilizes the 
Doppler effect for precision navigation 
and also for accurate orbit determina 
tion. 


Transit System Operation 


In order to provide complete naviga- 
tion coverage of the earth only four 
satellites are required. Navigation can 
be accomplished at least every 90 min. 
and usually much more frequently, 
particularly at the Poles. If more fre- 
quent navigation is desired in the vicin- 
ity of the Poles or at the equator an 
additional polar and/or equator satellite 
would fill the bill. 

The Transit system will operate’ as 
follows. (Fig. 2) The satellite trans- 
mission is received as Doppler data by 
the receiving stations and is forwarded 
to the system control center where the 
orbit of the satellite is computed and 
projected into the future (6-24 hours). 
These future orbital parameters are 
sent to an injection station which trans- 
mits this information to the satellite. 
The satellite stores these future orbital 
parameters in its memory device and 


criterion 
The present problem 


* Defined by “‘least squares’’ 
for a linear problem. 
is however nonlinear. 
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also retransmits them continuously, 
together with an accurate value of time 
A ship which wishes to navigate, there- 
fore, simply listens. It receives: (1) 
the correct time, (2) the orbital param. 
eters, and (3) the Doppler curve. By 
an analyses of the Doppler curve the 
ship is able to determine its positiog 
with respect to the satellite. The orbital 
parameters and time yield the position 
of the satellite with respect to the earth, 


Thus, by using all three pieces of data ; 


the ship is able to get its precise pog- 
tion with respect to the earth. 


Technical Areas 


The Transit system while simple in 
concept and operation has key tech- 
nical areas in which special effort must 
be placed. Among these are Refraction 
Correction, Orbit Prediction, 
Design and Testing, 
Station Development. 


and Receiving 


Refraction Correction 


The satellite signal passes through 


the ionosphere to reach the ship, andj 


thus is bent or refracted. 


or tracking errors of a mile or more, 
Since this bending is inversely propor- 
tionate to the frequency, we may write; 


fs 


Af(t, fs) +°— p(t) = 


A(t) B(t) C(t) Dit 


s fs? fs® Js 


By transmitting four harmonically re 
lated frequencies from the satellite, the 
first four coefficients in Eq. (2) may kk 
determined for each of the 250 observa: 
tion times during a single pass of the 
satellite. Also, by locating receiving 
stations in various parts of the worl 
and in particular in the auroral regions 
the time dependence and character 0 
the refraction may be mapped. Project 
Transit is now carrying out this survey 


Orbit Prediction 


Since the satellite must tell its pos 
tion to the navigating ships, it is neces 
sary for the system control center to ac 
curately compute future satellite orbits 
Orbit prediction precision depends upot 
the accuracy with which the 
forces, gravity and drag, are know 
To minimize air drag, an orbit altituc 
of 500 nautical miles was selected. Thi 
present gravity-field inaccuracy is how 
ever a major contributor to lack of orbil 
prediction precision.’ One of the majo 
jobs of Transit, therefore, is to deter 
mine the gravity field of the earth toé 
higher accuracy. To accomplish this 
receiving stations are located in vatt 
parts of the world. From tit 
tremendous redundancy of Dopple 
data, taken over a long period of tim 
(one year +), the higher order term 
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Fig. 3. Transit 1B satellite. 


Fig. 7. Nacode receiving station. Designs 
and built by the U.S. Naval Ordnance Test Si 
tion, China Lake, Calif., as a portable receiviy 
station for use in the developmental phase of 
Transit program. It receives two Transit fr 
quencies simultaneously, corrects for first ort 

ionospheric refraction effects, and digitalizest 
] i Doppler data punching the data on teletype tay 
4 for transmission. 


PULSATING 


SIGNAL 


SPIN RATE OF TRANSIT 18 SATELLITE 
AS A FUNCTION OF TIME 


Fig. 4. | 


ATELLITE 


MANGE OF 


Fig. 8. 


Fig. 5. Transit 1B satellite vibration test. 
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Din the Legendre Expansion for the 
gravity field may be accurately deter- 
mined. 


Satellite Design 


The two key requirements in the 
Transit satellite design®' are: (1) 
“short term frequency stability” (30 
min.) and (2) satellite system relia- 
bility. The first requirement is dic- 
tated by navigation accuracy, and the 
second requirement is dictated by 
minimization of the total system cost. 


ation. Designs 
dnance Test 
ortable receiv 
intal phase oft 
two Transit fr 
ts for first ore 
nd digitalizes 
1 on teletype toy 

Temperature Control 


The satellite shown in Fig. 3 is a 
true precision instrument in the sense 
that every effort has been made to 
protect the crystal from temperature 
changes. Maximum use is made of the 
almost perfect vacuum environment of 
space. The shell of the satellite ex- 
periences the greatest variations in tem- 
perature as it passes into and out of the 
shadow of the earth. This shell, there- 
fore, is separated from the internal in- 
Strumentation platform by considerable 

cd empty space. The platform is held 
rigid to the shell by nylon lacing which 
is a poor conductor of heat and also by 
a central fiberglass tube which, in 
addition, carries the set back forces due 
to launching. The instrumentation 
platform itself is surrounded by both an 
insulation blanket and a_ radiation 
shield. Within the platform the various 
sections are each separately protected 
{and isolated. The crystal itself is 
housed in a multiple flask which is gold 
plated and is connected to the platform 
by nylon cord. Thus, every effort has 
been taken to reduce temperature 
changes to a minimum so as to insure 
that the satellite frequency will be a 
true constant. 


18 SATELLITE 
OF TIME 


Satellite Stability and De-Spin 


The launching vehicle imparts a spin 
to the satellite which causes undesirable 


Fig. 6. Transit 1A satellite vacuum test. 


fluctuations in the received frequency. 
It is desired that this spin be eliminated. 
To accomplish this, it is first necessary 
that the satellite have pure spin and, 
thus, no wobbling motion. In space 
flight any wobbling motion is pure 
nutation since the precession rate is 
zero.!! The size of the nutation motion 
can be reduced to zero by employing a 
nutation damper of the NOTS type!”#8 
if quick damping is required or by a 
long term viscous energy absorption 
device. In Transit 1B the latter method 
was selected and the battery electrolite 
did the job free of charge. 

Once the satellite is spinning cleanly 
with no nutation, the spin may be re- 
moved by releasing a weight which is 
tied to the satellite by a cord which is 
wrapped around its equator. Once a 
particular length of cord is played out, 
the cord is then cut and the weight and 
cord fly off into space. (Fig. 4) For 
dynamic balance two weights are ac- 
tually used. Both JPL and APL have 
suggested this de-spin technique. 


Reliability 


In order to insure a long life for the 
satellite, a special effort was made to 
emphasize reliability in the design. In 
addition to the meticulous selection of 
components and the perfection of design, 
two additional new elements were intro- 
duced into satellite design—redundancy 
and ordnance hardness testing. 


Redundancy 

Like Noah’s Ark the Transit satellite 
contains two of everything—two crys- 
tals, two amplifiers, two power supplies, 
double wiring, etc. In such a way the 
loss of a single component will not kill 
the mission and waste the large cost of 
the launching vehicle. 


Ordnance Hardness Tests 


One of the primary features of 
Transit is the extensive hardness tests? 
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which it underwent in the same routine 
manner as conventional ordnance, pro- 
jectiles, bombs, rockets, missiles, etc. 
“Shake, rattle and roll’’ was manda- 
tory; there were vibration tests (Fig. 
5), centrifuge tests, de-spin tests, and 
special environmental tests to simulate 
pressure, temperature, radiation, and 
flight attitude (Fig. 6). 


Receiving Station Design 


The nature of the Doppler system is 
that the receiving stations for orbit de- 
termination and the shipboard navigat- 
ing receiver are both basically the same. 
The keynote of the receiving station 
design is simplicity, compactness, re- 
liability, and portability. The extent 
of success is illustrated in Fig. 7, where 
the compactness and portability cer- 
tainly stand out. This NOTS de- 
signed and built station is an out- 
growth of the original reliable and ac- 
curate APL laboratory stations.'4 The 
NOTS stations are now located through- 
out the world and are readily relocated 
as fast as a plane can fly. These same 
stations are not only tracking Transit 
but are also serving the Samos, Midas, 
and Discoverer programs. There can 
be no doubt but that many other satel- 
lite and spaceship programs will also 
find these stations and their Doppler 
data essential to success. 


Progress 


Two Transit satellites are now in 
orbit, thanks to the Air Force for their 
successful launching. Some of the data 
which these satellites have provided 
will now be reviewed. 


De-Spin 


Fig. 8 shows the spin history of the 
Transit I satellite. The de-spin weights 
were released on the seventh day. Asa 
result is is seen that the spin reduced 
from 2.6 to .08. It may be further 
noted that both before and after the 
release of these weights the spin was 
decreasing. This decrease was due to 
the inclusion of four small and highly 
permeable rods in the satellite. In 
keeping with the design philosophy of 
redundancy, these rods were installed 
to back up the de-spin weights in the 
event that they failed to function. 
(There were also two mechanical timer 
clocks for releasing the weights.) These 
rods reduced the satellite spin in the 
following way.'* Due to the rotation of 
the satellite in the magnetic field of the 
earth, these rods kept changing their 
magnetic polarity. Due to an inten- 
tional large hysteresis loop, the rods 
became heated. This heat was radiated 
into space. The satellite energy thus 
lost came from the spin of the satellite. 
Thus these small rods slowly but surely 
reduced the undesirable satellite spin to 
zero, 
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So successful were these small rods 
in Transit I that Transit II did not re- 
quire the de-spin weights. earn 


@ DECLINATION 


Orbit Analysis 


The feasibility of Doppler orbit de- 
termination has not only been demon- 
strated by Transit IB and IIA but 
the analysis of the secular changes in : | 


the orbit parameters has reconfirmed 
the O’Keefe discovery of the ‘‘Pear”’ T T 
shape of the earth.” (Fig. 9) 2 : |} = ' a 
Orbit Accuracy 
The Doppler orbit data have been 
compared*~** with the Smithsonian 
“quick look’’ optical data and found to 
be of at least equal accuracy (+1/4 
n.m.; see Fig. 10). Since elegant opti- 
cal reductions are not yet availabe, no 
further comparison can be made at this 
time. 
DAY NUMBER OF YEAR 196 


Fig. 10. Optical data—Transit 1B. Differences between Doppler orbit and optical sightings, 
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Fig.9. Perigee observation and prediction for Transit 1B. 
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Doppler Internal Accuracy 


The internal accuracy?! of the Dop- 
pler orbit determination can be deduced 
by the following device: 

Consider the Doppler data received 
by a particular receiving station at a 
known location. Assume that the satel- 
lite’s orbit is perfectly known from 
other information (say, from Doppler 
data from other receiving stations). 
Assume also that the complete system 
(i.e., satellite frequency, receiving sta- 
tion, etc.) is functioning perfectly. 
Now in the mathematical analysis of 
this particular station’s Doppler data 
allow the location of this station to be 
unknown. The method of differential 
corrections will now yield new position 
coordinates for this station which ‘‘best”’ 
fit this Doppler data. By the analysis 
of reference 18, the difference between 
this computed location of the station 
and its known location is a direct meas- 
ure of the accuracy of orbit determina- 
tion. Fig. 11 gives some results of the 
application of this technique as applied 
to a number of stations at different 
times. The magnitude of these dif- 
ferential displacements is also plotted 
in Fig. 12. It is seen that the accuracy 
is about 1/4 n.m. 


Concluding Remarks 


The Transit program has demon- 
strated the feasibility of both accurate 
orbit determination (tracking) and ac- 
curate position location (navigation) by 
utilizing an elegant analysis of Doppler 
data. There is, therefore, no doubt but 
that satellites will certainly be used for 
the navigation of ships and aircraft but 
will also be employed for other true pre- 
cision purposes on earth and in space.”? 


Fit of the final orbit on Day 196. 
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Fig. 12. Doppler estimate of orbit error in continental U.S.—Transit IIA. 
STATION LOCATION SEATTLE, LAS CRUCES, AUSTIN, SEATTLE, AUSTIN, LAS CRUCES SEATTLE 
WASH NEW MEXICO TEXAS WASH TEXAS NEW MEXICO WASM 
| | | | 
TIME (k sec. Greenwich) 49 53 5.3 Nn 58.4 647 648 
| | | | | | 
RMS. DOPPLER ERROR | 
168 099 167 n9 102 
(€.p.s. ot 108 me.) 
| | | | | | 
LATITUDE MOVEMENT FOR | | | 
BEST DOPPLER FIT 104 057 -.021 =.098 094 072 -.085 
(novtical miles) 
| | | | | | 
| | | | | 
LONGITUDE MOVEMENT FOR 
BEST DOPPLER FIT 066 078 ~.247 108 122 
(nautical miles) 
| | | | | | 
RMS. DOPPLER ERROR | | | | | | 
FTER ST 
. orcas 087 069 067 082 073 104 069 
(e-p.s. ot 108 me.) 
| | | 
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Air-Breathing Boosters (Continued from page 23) 


It is, perhaps, desirable to discuss 
these equations in light of what might 
be expected of ram-jet performance. 
In Fig. 2, the dotted line shows an esti- 
mate of the best thrust coefficient that 
can be achieved for advanced ram-jet 
engines. This estimate is based (as ex- 
plained in the Appendix) on a one- 
dimensional thermodynamic analysis 
using the Mollier diagram for estimat- 
ing the enthalpy change. For a velocity 
above 8,000 ft./sec., supersonic internal 
burning is assumed. The solid line 
represents the analytic function for the 
ram-jet thrust coefficient used to ap- 
proximate this best estimate. In 
general, the estimate is conservative in 
the range of velocity below 8,000 ft./sec. 
and agrees with the estimated values at 
velocities above this. 

The ram-jet equations require an ap- 
proximation for specific impulse. This 
is shown in Fig. 3 where again it is noted 
that the agreement between the ap- 
proximation and the estimate is rea- 
sonably good for all velocities greater 
than 6,000 ft./sec. Below this number, 
the specific impulse values are optimistic 
but it is found in the analysis that this 
has little effect in the overall result. 

One of the important elements of this 
simple analysis is the profound effect 
of the pressure field of the lifting wing of 
the vehicle on the performance of the 
ram-jetengine. The utilization of wing- 
pressure fields has been suggested in 
the past by many individuals. In this 
instance it has an important effect on 
the effective capture area of the ram- 
jet—i.e., the mass flow of air through 
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Engine capture area in wing pressure 
field. 
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the ram-jet is greatly increased by the 
action of the pressure field behind the 
shock wave, as shown in Fig. 4. The 
results of calculations on this effect, 
which are based on oblique-shock tables, 
are shown in Fig. 5. It is noted that at 
Mach numbers of the order of 15, the 
ratio of effective capture area Ac to the 
engine inlet Az is about 4 to 1. It is 
also apparent that the variation of the 
ratio Ac/Ag is almost linear with 
velocity for angles of attack up to 12° 
for velocities from 2,000 to 16,000 
ft./sec. In the present simple analysis 
such a linear approximation was uti- 
lized. Since we have assumed a con- 
stant dynamic-pressure trajectory and 
that the aerodynamic lift is given by 
Newtonian flow, the angle of attack is 
constant throughout the trajectory. 
Therefore, the rate of change of this 
capture-area ratio with Mach number 
is a constant in the analysis. 

As mentioned before, the wing-pres- 
sure field has a large effect on the 
thrust. This effect is shown in Fig. 6 
where the variation of thrust is plotted 
along the assumed constant g trajectory 
with and without the wing pressure 
field effect. The variation is plotted as 
the ratio of thrust on the trajectory to 
the thrust at Mach 3 for a vehicle hav- 
ing a wing loading of 100 lbs./ft.? flying 
along a 1,000-Ib./ft.2 constant g trajec- 
tory. At 120,000 ft. altitude (velocity 
roughly 15,000 ft./sec. for this trajec- 
tory), the wing pressure field increases 
the thrust by a factor of 4. 


Results of Analysis 


The complete analysis can be found 
in the Appendix. The results of the 
integration of the basic equations are: 
Rocket phase 
Wors/Weo = exp [— (1/Irg) X 

(Vors — Vco)] 


Ram-jet phase 


Wco u(Vco — Vo) 
—— = 
Wo \ 0.5 JHe 
€ Veco + Vo \ 
_GA, (To/Wo) (L/D) (1 — Vo) Vo 


Hybrid phase 
Wo/Wro = 0.85 


In these equations the constant e 
represents the effect of the wing-pres- 
sure field; yu is a constant which in- 
volves the initial thrust-to-weight ratio 
when the ram-jets are started, and the 
lift-to-drag ratio. During the analysis, 
it was found that the maximum lift-to- 
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drag ratio from impact theory was: 
which seems to be a rather conservatiy 
value. The rocket phase equati 
shown do not include a consideration 
the effect of the gravity along the flig 
path, and, as previously explained, « 
excessive orbit velocity was assumed: 
account for this fact. 


Weight Equations 
In order to perform an appropri 
analysis for arriving at an estimate 
payloads possible, it is necessary | 
derive certain weight equations: 
Wr* 


Wro 


WO; 
= 0.05 + 0.20 - + 0.08 —- 
Wro Wr 


4 (4*) To We I 
—— —° 4 0.032 
V/aCr Ac} Wo Wro 


WH: We 
= 1.04 (1 + 


Wro TO 


1 Wco 
9 \Wro Wro 


WO, 8 Wors 
= — | — O, 
Wro 9 \Wro Wro 


These equations were evolved ft 
rather extensive advanced design stué 
by the Convair staff. In brief, t 
represent an estimate of about 0.2! 
of structural weight and insulation! 
each pound of hydrogen fuel and ab 
0.08 Ib. of structural weight and ins! 
tion to contain each pound of oxy 
It was found that these weights 
sufficiently large and the structure t 

* Good for dynamic pressures of 2 
Ibs./ft.2 or less. 
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represent appropriate to support these 
loads during the take-off run and the 
aerodynamic portion of the flight. 

About 5 per cent of the take-off 
weight was assumed as appropriate to 
the landing gear, crew compartment, 
guidance, etc. In addition to these 
weights, a formula was evolved which 
gives the ram-jet engine weights as a 
function of the initial thrust-to-weight 
ratio for the ram-jet. One should note 
that the ratio of capture area appears in 
this formula and has a significant effect 
on reducing engine weight. 

In the present analysis, an auxiliary 
engine which represents a combination 
of the hybrid engine for the initial 
phase of the trajectory and for the 
rocket phase was estimated to weigh 
3 per cent of the thrust at take-off, 
which was assumed to be a value 
of about Wro/2. In these equations 
the weight of oxygen was derived from 
knowledge of the fuel consumed as deter- 
mined from the basic equations. 

At this point, it is possible to com- 
plete the analysis by comparing the 
results of the basic equations with the 
weight equations to see what orbiting 
payloads result. 


Discussion 


One-Stage-to-Orbit 


In the analysis it was found that the 
payload possible into orbit was pri- 
marily a function of the ram-jet initial 
thrust-to-weight ratio. The results of 
the analysis as a function of this variable 
for certain conditions defining the trajec- 
tory were shown in Fig. 7. In this 
figure, for the trajectory noted, the area 
lying between the weight-required curve 
(as determined by the weight analysis) 
and the weight available (determined 
from the thermodynamic equations) 
shows that approximately 2 per cent 
of the take-off gross weight is available 
for payload and fuel reserve for this 
single-stage vehicle. This result was 
obtained for a ram-jet cutoff velocity 
of 15,000 ft./sec. and a maximum tem- 
perature on the under surface of the 
vehicle of 2,500°F. at a point 10 ft. behind 
the wing leading edge. In this case, 
the analysis is concerned with the 
one-stage capability. It is concluded 
that, if ram-jet engines can be evolved 
which effectively give the performance 
assumed, one-stage-to-orbit is possible 
with payloads equal to a small percent- 
age of the take-off gross weight. 

In Fig. 8, results similar to those in 
Fig. 7 are shown but for different maxi- 
mum ram-jet cutoff temperatures. 


These results indicate that the payload 
IS very sensitive to the maximum per- 
mussible booster structure temperature. 
In this case, if the maximum temperature 
is allowed to grow from 2,500° —3,000°F. 
along a 2,000-Ib. /ft.2 trajectory, the 
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Fig. 7. Comparison of orbit weight ratios. 
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Table |. One-Stage Booster Weights 


Structure 
Structure, 
age, 
tion 
Gear, 
nage 


tank- 

insula- 
112,400 152,400 

empen- 


40 ,000 


Crew, guidance, 


controls, etc. 10,000 


Engines 
Rocket (hybrid) 
Ram-jet 


15,000 | 
33,200 48,200 
Fuel and oxidizer 
H ydre gen 
Oxygen 
Reserve 
Payload 


Total weight 


402 , 700 
363 ,000 
14,300 


780,000 


9,400 
1,000,000 


Note: Weights shown are for maximum 
payload, g = 1,000 lbs. /ft.? 


Tox = 2,500°F. To/ Wo => 0.9 


payload grows from an insignificant 
fraction to 5 to 6 per cent of the take-off 
gross weight. 

The weights corresponding to the one- 
stage vehicle of Fig. 7 are shown in Table 
1. Inthis breakdown, we find that with 
a reserve fuel of 14,000 lb., which is 
sufficient for 10-min. flight on the ram- 
jets (about 500 miles), a payload of 
9,400 lbs. is achieved. In general, it 
appears that these weights are not 
optimistic and could very well be 
achieved. 

Another interesting facet of the one- 
stage-to-orbit vehicle is concerned with 
the possibility of re-entering the atmos- 
phere. The result of some of these re- 
entering calculations are shown in Fig. 
9. One will recall that the initial wing 
loading of the vehicle was 100 Ibs. /ft.?. 
Since 75 per cent of the gross weight is 
expended in fuel during the boost phase, 
the return wing loading is about 25 
Ibs./ft.2.. Fig. 9 illustrates that for such 
a wing loading, even for the long-range 
glide condition, the lower surface tem- 
peratures are less than during the boost 
phase. Therefore, it appears that the 
one-stage vehicle suitable for the initial 
trajectory is also suitable for re-entry. 


Staged Booster 


The foregoing has been concerned 
with an analysis of one-stage-to-orbit 
It was found that, for the assumptions 
made, such a vehicle is feasible. The 
question is raised whether or not it 
might be more economical to stage such 
a vehicle so that when the ram-jets are 
cutoff, the upper stage is accelerated 
into orbit by its oxy-hydrogen rocket. 

The results of such an analysis are 
shown in Fig. 10. These results indi- 
cate a very large improvement in pay- 
load capability through the use of stag- 
ing. Whereas one stage will just reach 
orbit for a ram-jet cutoff velocity of 
13,000 ft./sec., two stages will place 
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ing pressy: 
— 
- + 0.03- 
0 


nearly 12 per cent of the take-off weight 
into orbit—e.g., for a  1,000,000-lb. 
take-off weight vehicle, 120,000 Ibs. will 
be placed into orbit. 

These results indicate the tremendous 
advantage of staging, which applies to 
air-breathing as well as rocket boosters. 
The data of Fig. 1 also indicate the 
importance of studying recoverable 
boosters within the current state of the 
art. Specifically, ram-jet powered 
boosters capable of Mach 6 are consis- 
tent with placing approximately 6 per 
cent of the take-off weight into orbit, 
which for a 500,000-lb. take-off gross 
weight means a payload of about 30,000 
Ibs. 


Costs 


As a final item in this study, a cur- 
sory analysis was made of costs to be 
expected from the proposed system. 
In this cost analysis it was assumed 
that the airframe cost, both for single 
stage or two stages, was $300/lb. and 
the payload cost $100/Ib. It was also 
assumed that the vehicle was good for 
100 missions or that the vehicle de- 
teriorated in such a way that it effec- 
tively was used for 100 missions insofar 
as costs were concerned. No research 
and development costs and no base- 
support costs were assumed. On this 
basis, it appears that booster costs of 
about $200-$300/lb. are possible with 
the current ram-jet technology The 
results of this analysis are shown in Fig. 

With an advanced technology carry- 
ing ram-jets into maximum velocities 
of 10,000-15,000 ft./sec., costs of the 
order of $30-$50/lb. excluding payload 
costs are possible for ram-jets capable of 
Mach 15 or greater. Thesame costs can 
be achieved with a single-stage vehicle 
as for two-stage vehicles, although 


obviously the weight per mission is’ 


greater for two-stage vehicles. 


Conclusion 


As a result of the analysis, the fol- 
lowing conclusions are indicated: 

(a) A one-stage-to-orbit vehicle which 
can take off and land in the manner of 
an airplane is possible if ram-jet hard- 
ware satisfying the analysis can be 
developed. This booster will develop 
orbit velocities for ram-jet cutoff ve- 
locities of about 13,000 ft./sec. Cutoff 
velocities greater than this value result 
in rapidly increasing payloads up to 
about 3 per cent take-off weight at 
17,000 ft./sec. 

(b) Two-stage-to-orbit with the first 
stage capable of horizontal take-off 
and landing and the second stage ex- 
pendable shows a great improvement 
in payload capability over one-stage- 
orbit. Such a booster with staging 
occurring at the ram-jet cutoff velocity 
shows payloads in orbit ranging from 
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about 4 per cent of take-off weight at a 
ran-jet cutoff veocity of 5,000 ft./sec. 

A simple cost analysis, using these 
results, shows that the direct costs— 
ignoring research and development ex- 
penditures and supporting activities, 
but considering all airframe, recoverable 
and expendable, at $300/lb., hydrogen 
fuel at $0.50/lb., oxygen at $0.05/Ib., 
and estimating a 100-mission operation 
per unit—are as follows: 

(a) Two-stage booster costs range 
from about $250/lb. in orbit for a ram- 
jet cutoff velocity of 5,000 ft./sec., to 
about $30/Ib. at 15,000 ft./sec. 

(b) One-stage-to-orbit direct 
are the same as_ two-stage-to-orbit 
costs at ram-jet cutoff velocities greater 
than 15,000 ft./sec. The number of 
pounds in orbit per mission is, however, 
much greater for two stages. 

These costs are much less than cur- 
rently estimated staged rocket costs, 
but are, of course, based on hardware 
which does not now exist. It appears, 
however, that serious consideration 
should be given to development of a 
system such as the one proposed if fu- 
ture military space systems require 
orbiting payloads in single units of not 
less than 25,000-50,000 Ibs., occurring 
at a rate of about 100 payloads per 
year 


costs 


Appendix 


Analysis of the Orbiting Weight 
Possible With the Assumed 
Aerothermodynamic System 


Ram-Jet Phase 


We shall 


basic engine 


first briefly introduce the 
characteristics with the 
ram-jet operating in the free stream 
and in the increased pressure field 
beneath the wing. Next, we shall pass 
on to the force equilibrium equation 
along the flight path and the integration 
required to obtain the airplane weight 
variation. By combining this weight 
expression with those obtained in the 
hybrid and rocket phases, we attempt 
to fine the orbit weight—i.e., the weight 
that it is possible to put into orbit 


from an aerothermodynamic system 
standpoint 
The net thrust coefficient 
Cr = T/q Ag (1) 


is essentially a function of the free- 
stream velocity only, as shown in 
Fig. 2. Here T is the net thrust, g 
is the free-stream dynamic pressure, 
and A, is the engine inlet cross-sec- 
tional area. The best available in- 
formation about the thrust coefficient 
of a ram-jet using hydrogen fuel is 
shown in the dotted curve of Fig. 2. 
The dotted curve was obtained from 
studies based on the chemistry of 
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oxygen-hydrogen combination and frog, 
a Mollier diagram estimate of the e 
thalpy change for appropriate nozj 
expansions for equilibrium flow. 

This calculation implies  subsojj 
burning to about vehicle velocities , 
8,000 ft./sec. and supersonic inter 
burning above that. It must be me 
tioned that supersonic burning teg, 
nology has not yet been develope 
Hence, at the higher velocities, th 
analysis is based upon expected rath, 
than actual engine performance. Tp 
corresponding specific impulse J, ; 
shown by the dotted curve in Fig 
The subscript O indicates the ram 
phase of operation; otherwise, th 
subscript always refers to conditig 
at the start of ram-jet operation. 

To simplify the mathematical anal 
sis, we have approximated the calg 
lated thrust curves by 


Cr = K/V 
Io = nJH/V 


where K is a constant, J is the mecha 
cal equivalent of heat, H = 5l, 
B.t.u./lb. (hydrogen), and », the the 
modynamic efficiency, has been chy 
as 0.5. These approximations con 
spond to the heavy lines in Figs. 2 and 

In the absence of knowledge abe 
the flight path for minimum fuel c« 
sumption, we shall assume a const 
dynamic-pressure path during 
operation. We will also assume th 
start of ram-jet propulsidn occurs a 
free-stream velocity of 3,000 ft./s 
at which point the net thrust is/ 
Then the thrust 7 at any point may 
written 

i= To (Vo V) 
as can be seen by comparing Eqs 
and (2). This equation is valid wie 
ever the ram-jet is located in the ir 
stream and a constant dynamic-pr 
sure flight path is followed. 

If the ram-jet, however, is placed 
the increased pressure field bene 
the wing of the airplane, the reduc! 
of net thrust with increasing velo 
along the constant dynamic-pres 
path can be partially offset by! 
effective increase in the ram-jet « 
area (Fig. 4). As indicated by Eq 
the net thrust is proportional to‘ 
engine inlet area. Thus, letting ' 
cross-sectional area of the swallo 
air be Ag and Ac, respectively, fori 
stream and at the point of ram 
ignition, then at any point of the 
stant q flight path we have 


i = To ( Vo Ac V Ao 


The variation of the stream 
area ratio with Mach number as 
tained from oblique-shock table 
shown in Fig. 5. A constant dyna 
pressure flight path implies an all 
constant angle of attack accordin 
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Newtonian theory. (The angles of 
attack considered in this analysis are 
such that the hypersonic similarity 
parameter is sufficiently high for New- 
tonian theory to be valid over most of 
the ram-jet regime of operation.) 
Hence, we may, toa first approximation, 
write 

Ac/Ao = 1 +€(V — Vo) (6) 


where € = [d(Ac/Ag)]dV and is taken 
to be a different constant along each 
curve of constant angle of attack (Fig. 
5). The large effect of the pressure 
field under the wing on the net thrust 
for a dynamic pressure of 1,000 Ibs. /ft.* 
is shown graphically in Fig. 6. 

Let us next consider the lift and drag 
of the vehicle. In Newtonian theory 
the lift and drag coefficients are 


Cr = 2 sin’a@ 
Cy = 0.7 + +C (7) 


where a is the angle of attack, measured 
from the plane wing lower surface, W 
and S are the airplane weight and wing 
area, respectively, and C, and C, are 
the skin-friction and base-drag coeffi- 
cients, respectively. In the following 
development, we have assumed a con- 
stant drag coefficient for each ram-jet 
trajectory analyzed. This is in a way 
equivalent to assuming that the skin- 
friction and base-drag coefficients are 
constants and that an average wing 
loading can be employed. Then, be- 
cause the dynamic pressure is constant 
along our trajectory, the total drag is 
also constant. 

It might be mentioned that the values 
of average wing loading (100 lbs. /ft.?) 
and of skin friction and base drag as- 
sumed correspond to lift-to-drag ratios 
of around 3.5 during the ram-jet ac- 
celeration phase for the paths analyzed 
here. 

The flight-path angle is small during 
the ram-jet acceleration phase and can 
be neglected as a first approximation. 
The force equilibrium equation along 
the flight path may then be written 


(W/g) (dV/dt) (8) 


where D is the constant drag, W is the 
instantaneous airplane weight, and ¢ is 
the time. 

The rate of decrease of the airplane 
weight |—(dW/dt)] is related to the 
thrust and the specific impulse J 
through the fuel flow equation: 


= 


—(dW/dt) = T/Io (9) 
After rewriting Eq. (9) as 
—(dW/dV) (dV/dt) = T/Io (10) 


and substituting for the acceleration 
from Eq. (8) we find 


dW/W = —{TdV/[Iyg(T — (11) 


This expression can now be integrated 
by using Eqs. (3), (5) and (6) and by 
assuming a constant drag. After some 
calculation, we find 


w He uw — V\ (1 + ap) 


Wo — Vo 
(12) 
where 


_ (T/W)o(L/D) (1 — €Vo)Vo 


1 — (T/W)o (L/D) eVo 


(13) 


and 


a = e/(1 — e Vo) (14) 


For the trajectories analyzed it was 
found that one of the terms in Eq. (12) 
could be omitted without introducing 
significant errors. Thus, a simplified 
form of Eq. (12) is 


Ww u(V — 
—— = exp 4 
Wo 
E +a (+ (15) 


Rocket Phase 


At the ram-jet cutoff velocity Vco, the 
rocket is started and accelerated to some 
very high velocity. This phase is 
followed by a coasting phase to an 
altitude where the vertical velocity is 
zero, at which point the rocket is given 
a final horizontal boost to reach orbit 
speed. The calculation of this path, 
although simple, is somewhat tedious. 
It has been found that an abbreviated 
analysis where it is assumed that the 
rocket is accelerated horizontally to 
an equivalent orbit velocity in one step 
yields adequate answers for a prelim- 
inary analysis if an orbit velocity is used 
which includes proper allowance for 
potential energy expenditure and drag 
and coasting losses. Furthermore, a 
small velocity increment should also be 
allowed for the retro-rocket required to 
return the orbiting vehicle to earth. 
In this analysis, all these factors are 
taken care of by selecting 28,000 ft./sec. 
as the equivalent orbit velocity. The 
following well-known rocket equation 
which assumes zero drag, horizontal 
flight, and a constant average specific 
impulse Jp, is then used to calculate the 
weight ratio: 


exp { — (28,000 — Vco)/Ipg} (16) 
Ws 

where W,.», and Ws are the orbit weight 
and ram-jet-rocket separation weight, 
respectively. If there is a single stage 
only, Ws is of course, identical to Wo, 
the weight at the instant of ram-jet 
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cutoff. For two stages, the difference 
between Wo and Ws is the weight of the 
first-stage structure, equipment, and 
reserve fuel for return to base. A 
value of Jp = 400 has been uséd for 
the rocket specific impulse  corre- 
sponding to using hydrogen fuel. 


Hybrid Phase 


The fuel used in this phase has been 
conservatively estimated to be 15 
per cent of the take-off weight. This 
includes all fuel burned from the hori- 
zontal take-off through the climb to a 
velocity of 3,000 ft./sec. at the desired 
dynamic pressure for the start of the 
ram-jet phase. Hence, 


Wo/Wro = 0.85 (17) 

By multiplying Eqs. (12), (16), and 
(17), for a one-stage airplane, we obtain 
an expression for Won./Wro, which can 
be differentiated with respect to Vco 
and equated to zero to determine the 
ram-jet cutoff velocity for maximum 
orbit weight. It was found that the 
optimum cutoff velocity always ex- 
ceeded the highest equilibrium tempera- 
ture allowable for the structure for the 
cases investigated. The results of the 
calculation for equilibrium tempera- 
tures of 2,500° and 3,000°F., 10 ft. aft 
of the wing leading edge and the cor- 
responding cutoff velocities are pre- 
sented for two different dynamic pres- 
sures in Figs. 7, 8, and 9 as a function 
of the ram-jet installed thrust/weight 
ratio at the point of ram-jet ignition. 
On the graphs, these curves are labeled 
“weight ratio available.”’ 


Analysis of the Weight Required to 
Perform the Orbit Mission 


The equations for structural weight 
required, given below, have been de- 
veloped by the Convair Advanced 
Design staff as a result of lengthy stud- 
ies of a number of configurations. 
Basically, the equations are valid for 
an all-wing airplane with the loading 
distributed uniformly along the span. 

The equation for the total empty 
weight We used in this study is 


= 0.05 + 0.20 (Wy,/Wro) + 
0.08 (Wo./Wro) + (Weng./Wro) 
where weight of hydrogen (Wyz,) 
Wu,/Wro = 1.04 [1 — (Wco/Wro)] + 
(1/9) [(Weo/Wro) — (Wor./Wro)) 


(4 per cent of the total ram-jet fuel is 
set aside for the return trip.) 
(a) Weight of oxygen (Wo,) 


Wo, _ 8 (Fe 
Wro 9 \Wro Wro 


(b) Weight of engines (Weng.) 


Aerospace Engineering 69 


| 


Were./Wro = (4/+/q Cro) (Ag/Ac) X 
(T/W), (Wo/Wro) + 0.03 (T/W)re 
= weight of ram-jet engine plus 
weight of hybrid and rocket 
engine. 
[((T/W)ro has been arbitrarily selected 
equal to 0.5.] 
wo-Stage Vehicle 
(a) First-stage weight (IVr,) 


Wr, 
Wro 
Weng. 
0.05 + 0.20 ( 4 
Wro/ :ro—co) Wro 
where 
(Wu./Wro)ro - coy = 1 — (Weo/Wro) 


0.50 ( ) + 0.02 


Wroa 


(b) Second-stage weight (We,) 


Wr./Wro = 0.20 (Wu./Wro) (s - orb.) + 


0.08 (Wo,/ Wo) (s- orb.) + 


0.02 


where 


9 


(Wa) 
Wro/ 9 


[(T/W)s has been arbitrarily chosen 
equal to unit. | 


Costing 


(T/W)s (Ws/Wro) 
Wro Wro 


(ws _ Won) 
Wro Wro 


The simple equations used here to 


obtain a rough estimate of the cost per 
pound of payload in orbit are: 


(1) Single-stage vehicle 


300 ( 
TO n VW TO 


Way luad 


where » = 10° = 


total number of landings and take-offs during usef . 


+ 100 


ife of 


structure, and 0.50, 0.02, and 300 are the costs in dollars per pound of hydrogen, 


oxygen, and structure including engines, respectively 


0.50 | ( 
Wro (TO — CO) 


load J ‘payload 


Wro 


W payload 
Wro 


The Hodograph (Continued from page 25) 


2) Two- 


Wo, 300 / We, 
o.00( 
Wro / is - orb.) n Wro 


stage vehicle 


y occur for a certain altitude h? 

(2) Which range is’ to be expected? 

(3) For which altitude has the tra- 
jectory a certain value of ¢? 

(4) For which altitude has the tra- 
jectory a certain velocity V? 

(5) Which values of ¢, V, # occur for a 
certain y? 

(6) What time is required for the 
missile to reach the apogee from a given 
position; alternatively, what is the 
elapsed time from passage through the 
apogee to the assumed position ? 


How the Diagram Works 


To illustrate the use of the diagram 
we answer the above questions. 

In general the problem is always to 
determine the triangle I/PK. We re- 
member thatr = h+,r.,H = rVcos 
y,and H/r = Vcosy. 


Answer to Question 1 


According to Fig. 1b, triangle PK 
contains the angle ¢ (with vertex 1) 
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Fig. 4. 
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and the angle y (with vertex jf 
Therefore, S divides p = MK into ty 
parts: SK = Vcos y, and SM =,,. 
Vecosy. Since H = r V cos 7, we ha 
SK = H/r. 

These relations lead to the follow 
steps (see Fig. 2): 

(1) Calculate H/r, where r = h +, 

(2) Find point T graphically yy 
H/r. 

(3) The circle with radius MT a 
center at M intersects the semicircle 
point S. 

(4) Therefore, the triangle PK 
determined, which is the solution. 


Answer to Question 2 


The steps are the same as in { 
Answer to Question 1. The a 
difference is that for the range ang 
or we haveh = Oandr = fr. 

Here is the point where we compl 
the diagram by plotting the triay 
MPKry as a fixed part of the diagra 
Point Kr is the outer boundary of # 
graph (Fig. 1b). But there is anot 
advantage. We go back to Questia 
where a certain 7 was given. If wee 
culate r,/r, then the required H/ 
found by multiplying r./r with Sj 
The knowledge of H is no longer: 
quired, 


Answer to Question 3 


With the desired ¢, find SK. 
solution is h = re — [1/(H/r)] whic! 
the same as 


h = [(SrKr ISK) 1] 
Answer to Question 4 


Circle with radius V and center at 
fixes point K. The altitude is fou 
according to the Answer to Question 


The triangle MPK and the auxiliary lines PW and PD to determine the time of flight. 


| 
W payload 
Wro 
Wh, 
Wro 
|_| 
0.02 100 
Wro 
+100 
m+ + 
fe 
/ p 
M 
| 
\ d 
S 
m p 
\ p-dcos 
pcos p-d 
W K 
| 


ertex 


K into tp 
pe 
We hay 


> follow, 


=h+, 
cally wi 


MT al 


micircle; 
e MPK 


tion, 


as in 
The 
ange ang 


comple 
trian; 
e diagra 
lary of t 
is anoth 
Question 

If wee 
ed 
vith Spl 
longer 


enter at 
e is fow 
Juestion 


of flight. 


Table 1 


GRAPH COMPUTATION 
| 
| 
19 18.8 | 
Yo | 
43:.5° 43.25 
° 
4 4 
Vv | 10 fps 2.3058x 10 fps 
° 
4 4 
1.88 x 10 fps 1.8852 x 10 fps 
apogee 
6 
4.28x 10° ft 4.2813 x 10° ft 
apogee 
t , 921 sec 919.5 sec 
oa 


Answer to Question 5 


By elementary geometry we fix point 
K according te Fig. 3 (following the 
steps indicated by 1, 2, 3, 4, 5). 


Answer to Question 6 


According to the chosen configuration, 
Kepler’s time equation (see Fig. 4) is 
written as 


t = (1/n) {E+ esin E} 
where 


time the missile needs from in- 
stantaneous position to posi- 
tion at apogee 
mean angular velocity 
€ = numerical eccentricity 
E = eccentric anomaly 
n, ¢, E are indirectly given by the dia- 
gram as 


n= (PD)?/p 


t 


= 


e=d/p 
cos EF = PW/SK 


The rest of the calculations may be 
done with a slide rule, and lead to very 
acceptable results. The value of E can 
be taken from tables. The values of 
and ¢ are constants of the graph and 
may be fixed. 


How About Accuracy? 


To check the accuracy, a diagram is 
plotted for a minimum-energy trajec- 
tory with range of 6,000 n.m. (Fig. 5). 

We ask for the angle to apogee ¢, the 
path angle y, and the velocity V of a 
missile in altitude 850,000 ft. over the 
surface of the earth. Further, the 
flight time ¢ from this position to the 
position at apogee, and the velocity and 
altitude at apogee, are to be deter- 
mined. 

Table 1 gives the results taken from 
the graph (Fig. 5) in comparison with 
those obtained by computation. 


General Remarks 


The values of p, d, and H as functions 
of the initial values are given in Table 2. 
In practice, minimum-energy tra- 
Jectories (in the range between 4,000 
and 6,000 n.m.) are generally considered. 
Fig. 5 is the graph for the minimum- 


Fig. 5. 


FEET x 10 YSEC 


3.0 


FEET x 10°4/SEC 


Is 


2154 


2.967 


Graph for a minimum-energy trajectory. 


uo 


Fig. 6. Graph for the minimum-energy trajectories. 


ft. altitude. 


(Range 6,000 n.m.; A MPK corresponds to 850,000 
Scale 1 in. = 4,000 ft.) 


(Ranges 6,000, 5,000, and 4,000 n.m.) 


INITIAL 2 2 2 
CONDITIONS P H 
'o 
Hy? 2,2 2 
° ° e 
— ° 
YR 
Sin y, tan y cos y,, sin @ 
R R R 
b (1 + tan y cot ¢_) 
R op sin (op YR) e sin YR) 
R (1 ~ sin 
sin @ pr_sin@¢ 
| OPTIMUM r, sin (1 + sin $2) R 


16.3% 
1.41008x 10 ft/sec 


pe 20.9264 x 10° ft 


the Initial Values According to (a) Through (c) 
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Table 2. The “Parameters” p and d of the Hodograph and the Angular Momentum H as Functions of 
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| rO M 
SR 
| 
1.0 
| 
| | 
= R=6000 
| 
2.0 
YN 
| 
Ska 
| 
| 
} 
| 


energy trajectory with a range of R = 
6,000 n.m. The required distances can 
be taken with a divider and measured on 
the left side scale. For extended appli- 
cation of the working sheet, it is sug- 
gested that the graphs of the most fre- 


quently used trajectories be plotted on 
the same sheet—e.g., for the ranges 4,000 
and 6,000 n.m., as shown on Fig. 6. 

The construction of the hodograph in 
a slide-rule form is currently under in- 
vestigation. 
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Lunar Landing (Continued from page 27) 


displacement. The mass-flow rate was 
also adjusted to give the desired bound- 
ary conditions. 

The experimental setup used in the 
control study was an analog computer 
representation of the geometry and the 
vehicle dynamics. The simulation in- 
cluded the time-varying mass of the 
vehicle and an approximation to the 
lunar gravity. The geometry and the 
vehicle control were simplified to the 
two-dimensional case. Assuming a 
rigid vehicle, a fourth-order system re- 
sults with thrust vector control; that is, 
the controlled thrust deflection is the 
fourth derivative of lateral position. 
This is shown diagrammatically in Fig. 
2. By adjusting the feedback gain on 
lateral position and each of its deriva- 
tives, a linear control function is ob- 
tained. With limits on the magnitude 
of the thrust deflection and vehicle at- 
titude angles, the control function be- 
comes nonlinear for disturbances above a 
certain size. It is apparent that even 
though the chosen controller configura- 
tion can be optimized, it does not 
necessarily follow that this particular 
controller is optimum. However, some 
initial theoretical results indicate that 
the chosen controller configuration is 
close to the optimum. Thus, it was 
felt that simplicity of this configuration 
warranted its use since we were looking 
for approximate answers over a wide 
range of conditions. Further theoretical 
work is anticipated to verify the as- 
sumptions on the controller configura- 
tion. 


LANDING MASS = 960 SLUGS 


SLUGS 
@ 
+ 


INITIAL MASS - S 


1900 


a 8 i2 16 20. «24 


!00 MILES 


A large part of the study was the de- 
termination of a controller that would 
give an ‘‘optimum”’ or least-energy tra- 
jectory in response to the initial condi- 
tion on position error. The control 
variables were lateral position, lateral 
velocity, vehicle attitude, and attitude 
rate. By choosing the correct feedback 
gains on these variables, a least-energy 
trajectory was found which satisfied 
the boundary conditions. This trajec- 
tory defines the minimum amount of 
fuel that must be carried for the landing 
maneuver By repeating the  pro- 
cedure, the desired feedback gains were 
determined for a range of initial dis- 
placements and initial altitudes. The 
results of the experimental study are 
shown in Fig. 3. The initial weight is 
given so that the payload is the same in 
all cases. With these results, it is a 
simple matter to choose the optimum 
initial altitude for any given value of 
initial path displacement. This infor- 
mation is directly useful in determining 
the amount of midcourse 
required. 

Note that there are two ways of inter- 
preting the additional weight of fuel re- 
quired for control. To obtain the re- 
sults in Fig. 2, the initial mass was ad- 
justed to keep the same landing mass. 
The increase in initial mass due to the 
need for maneuvering is shown directly. 
Another interpretation is reached by as- 
suming the initial weight to be fixed. 
The mass at touchdown then repre- 
sents the landing vehicle, plus the un- 
used fuel. For the smaller initial dis- 
placements, the relation between initial 


corrections 


MASS 


28 32 aC + 


INITIAL LATERAL DISPLACEMENT FROM IDEA PATH-™M 


Fig. 3. 
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Initial mass vs. initial lateral displacement. 
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comes complex since a change in initig 


mass greatly affects the descent traje. 


tory. 

As stated earlier, an optimum trajg 
tory requires that the feedback gains 
lateral position and its first three deriys. 
tives must be specified in particuly 
relationship to one another. The sens. 
tivity of the optimum trajectory { 
variations in the second and thir 
derivatives is shown in Fig. 4. } 
each of these cases, the gains on later 
position and its first derivative are aj 
justed to satisfy the same boundar 
conditions as for the optimum traje 
tory. It should be noted that these x. 
sults only indicate the effects of in 
properly choosing the feedback gains 
the design of the controller. The ¢& 
fects of errors in the measurement ¢ 
these quantities is much more sever 
These effects are equivalent to ove. 
damping and underdamping in tk 
sense of a control response. 

The preceding discussions have bee 
limited to the case of a large initial pos 
tion error and no further errors durin 
the descent. However, in addition t 
the large initial displacement errors a 
such things as errors in measuring po 
tion and velocity. To get an indicatix 
of the effects of these small errors,; 
study was made of the fuel required as; 
function of path displacement ai 
response time. 

The assumed conditions of the stud 
were a 90-mile initial altitude, thns 
vector control, a constant two-earth 
gravity deceleration, and a linear cu 
troller. Optimum trajectories were 
tained by choosing the arrangeme 
feedback gains for which the least fu 
was required. This trajector was fout! 
to be one in which the control respons 
is approximately critically damped 
The best results for fuel economy a 
stable response were obtained with: 
control error of the form 


E, = Ky | + KX + Ki 


TIAL LATERAL DISPLACEMENT FROM IDEAL PATH 


Fig. 4. Sensitivity to deviations from optimum feedback gains. 


and final mass is fairly linear. Py 
large displacements, the relationship be. 
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where X = lateral displacement error, 
h = altitude ( held constant at 5 for 
h < 5 miles), and A = feedback gain 
constants. Note that the control prob- 
lem was simplified by choosing the ratio 
of thrust-to-mass to be constant. 

Approximate functional relationships 
for fuel-to-path displacement and to re- 
sponse time were found. These rela- 
tionships are as follows: 


Initial displacement errors, X,¢« = C,X? 
Trajectory response time, 7, = 


where « = fuel used for control ex- 
pressed in an equivalent velocity loss 
along the axis normal to the lunar sur- 
face, and 7 = time to return to within 
2 per cent of initial displacement error 
along an optimum, or least-fuel, path. 

The experimental results are shown in 
Fig. 5. Note that these results only 
hold for one set of descent conditions. 
The scales on the graphs would have to 
be changed for other initial altitudes and 
descent rates. 


Manual Vs. Automatic Control 


The seemingly eternal question of 
manual vs. automatic control was con- 
sidered in the study. This question is 
not easily answered since it is dependent 
upon many factors such as sensor noise, 
display techniques, and operator train- 
ing. However, the fuel used for control 
is so critical for maneuvering in a 
vacuum that it can probably be used as 
the major factor. For example, if 
manual control required much more fuel 
than automatic control, this factor alone 
would offset many other desirable fea- 
tures of manual control. 

The configuration used to study auto- 
matic and manual control is shown in 
Fig. 6. For manual control, each of the 
feedback paths either can be displayed 
on the operator’s error indicator, or can 
bypass the display. Two-axis lateral 
control was simulated with a set of cross 
hairs as error indicators. The thrust 


MANUAL CONTROL 


<4 DISPLAY 


w|- 


CONTROL K 


| AUTOMATIC CONTROL 


NOTE 


FUEL EXPENDED IS EXPRESSED IN 
TERMS OF VELOCITY IMPULSE ALONG 


VEHI T NAL Ax 
20001 CLE LONGITUDINAL 1s 


1000+ 


400 


200 


100 


40 


FUEL EXPENDED - FEET PER SECOND 


20 


0.5 ie) 2.0 5.0 
INITIAL DISPLACEMENT - MILES 


- FEET PER SECOND 


FUEL EXPENDED 


10 20 30 50 100 
RESPONSE TIME - SECONDS 


Fig. 5. Fuel expended for control (€) as a function of inifial displacement and response time. 


vector is then commanded through a 
two-axis control stick. Automatic roll 
stabilization and vertical axis control is 
assumed. 

The automatic system is first deter- 
mined so that an optimum response 
(least-fuel) is obtained for an initial dis- 
placement error. This response is then 
used as a basis for measuring the per- 
formance of manual control. It was 
found that with a little practice, the 
operator could control the vehicle with 
only lateral position information, or 
lateral position and lateral velocity in- 
formation. In each case, the feedbacks 
on the higher derivatives are fed back as 
in the automatic system. However, the 
optimum trajectory could not be 
achieved. The only way this could be 
obtained with manual control was to dis- 
play exactly the same information (ex- 
cept for forward-loop gain) to the op- 


Fig. 6. 


a 
+KS 


Block diagram of control loop. 
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erator as in the automatic system. 
When all the feedback terms in the 
right proportion were included on the 
error indicator, the operator could 
achieve performance equivalent to the 
automatic system. Since, in this case, 
the operator is only doing a simple error- 
tracking task, the operator is equivalent 
to an amplifier. The major conclusion 
here is that the operator is not making 
the best use of his capabilities and his 
function in the control of the vehicle 
should be to monitor the automatic sys- 
tem and then to take over in the event 
of a failure. 


Manual Tracking of Landing Site 


Two possible functions of a man dur- 
ing the lunar descent were considered— 
(1) inclusion in the control loop (dis- 
cussed herein) and (2) location and 
tracking of the landing site. Only cer- 
tain gross characteristics of this latter 
function were studied—in particular, 
the ability to recognize and to track an 
unmarked landing site. The motiva- 
tion for considering these functions is 
that proposed automatic techniques 
such as map-matching appears to re- 
quire equipment that is quite heavy 
and complex. The human eye is well- 
suited to this function since even the 
unaided eye can easily resolve to a few 
minutes of arc. Also, a man can learn 
to recognize objects within a complex 
background structure and can adapt 
to the varying patterns that would be 
encountered during a landing. 

The recognition and tracking of a 
landing site was studied with the aid of a 
movie of the lunar surface. The pro- 
cedure was to control a set of cross hairs, 
which represented the error signal, so 
that they coincided with the intended 
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landing site. The control signals were 
fed to the analog computer simulation 
of the vehicle and the geometry of the 
landing problem. By using the opti- 
mum control configuration and recording 
the fuel expended, the effects of re- 
adjusting the point of aim could be 
evaluated. Exact quantitative data 
are not reported here since the inter- 
pretation of these data is not clear. 
However, it appears that generally, the 
fuel required for readjusting the point 
of aim is not significant when compared 
to the fuel required for large initial 
displacements. 

It is stressed that although the results 
of this part of the study are helpful in 
understanding the problem, a much 
more elaborate study is needed before 
detailed conclusions can be obtained. 
Not only must factors such as a variety 
of shadow and pattern conditions be 
considered, but there are also obvious 
problems such as looking through the 
exhaust plume and landing in deep 
shadows. 


Conclusions 


The general aspects of vehicle control 
for one class of lunar landing situations 
was investigated. It was found that 
fuel expenditure is a major factor in de- 
termining the controller. Not only 
must there be a specific controller con- 
figuration corresponding to each landing 
condition, but also the control variables 
must be measured very accurately. 
The consideration of fuel expenditure 
requires the manual control mode to 
have the same specific and accurate 
control variables as the automatic sys- 
tem. Thus, there seems to be little 
justification in having the man in the 
control loop except in an emergency. 
Using a man to acquire and track the 
landing site is a function that better 
utilizes his capabilities and can obviate 
the carrying of special automatic equip- 
ment in many landing situations. 

Additional work is anticipated on a 
theoretical investigation of the optimum 
controller for a lunar descent. The con- 
trol configuration for the present study 
was obtained by a cut-and-try method 
using fuel expenditure as the criterion. 
Investigation of ther landing situations 
is required to define the approach tra- 
jectory more closely. For example, the 
capabilities of midcourse guidance will 
strongly affect the accuracy of the ap- 
proach trajectory. Also, an_ inter- 
mediate parking orbit around the moon 
may be desirable in many cases. Fur- 
ther studies on the role of the man dur- 
ing landing should include (1) a deter- 
mination of displays that will permit the 
optimum use of available information for 
emergency control and (2) a determina- 
tion of his capabilities in acquiring and 
tracking various types of landing sites 
and under various lighting conditions. 
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RIAS Enterprise (Continued from page 29) 


scientific study and the tremendous 
expansion of engineering development 
capability in this country. The net re- 
sult is that the technology is running 
half-starved, performing at considerably 
less than its capability. This circum- 
stance, in whatever degree it exists, 
represents a serious waste of precious 
national talent. 

An obvious and oft-repeated answer 
to this serious problem is simply to urge 
that industry, and everybody else, con- 
tribute vigorously to the expansion of 
basic research in the universities. But, 
on closer analysis, this approach is 
fraught with limitations. The imprac- 
ticability of this solution is argued force- 
fully by the fact that, while we have 
all heard similar pleas for years, nothing 
significant has happened. 


Limitations in Traditional Patterns 


Let us look at this suggested solution 
and some of the other limitations to the 
large expansion of university basic re- 
search. In the first place, basic re- 
search at the university flourishes pri- 
marily in close coupling with the train- 
ing of graduate students. Conse- 
quently, there is no deep motivation 
within the academic institution to ex- 
pand research much beyond this primary 
need. In our experience, this statement 
can be adequately confirmed by recount- 
ing numerous efforts to encourage cer- 
tain universities to expand their re- 
search in particular fields. But, putting 
aside this lack of motivation for the 
moment, the university has difficulty 
initiating new research expansion even 
where high motivation exists, since it 
must obtain capital funds for any such 
expansion in the form of fortuitous 
gifts from philanthropists, alumni, in- 
dustry, or the great foundations. To 
be sure, after activities are under way, 
additional income flows from tuitions, 
Government contracts and grants. But 
we are here most concerned with the 
initial capital without which no vigorous 
expansion can ever get under way. 

Even granting the motivation and 
high philanthropic intentions, expansion 
is still fettered by the income tax struc- 
ture, which in recent decades has 
severely limited the accumulation of 
large personal fortunes. These were 
the source of capital for new buildings, 
endowed chairs, research equipment, 
and, indeed, for new universities them- 
selves. The virtual lack of new universi- 
ties founded in the past 20 years, a 
period when population, prosperity, and 
technology have been burgeoning as 
never before in our history, bears stark 
witness to this relative shrinkage of 
philanthropy as a base for capital ex- 
pansion. 
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A Reluctant Philanthropist 


As for industry stepping in and 
suming the role of the erstwhile phila 
thropist, the hard, cold fact of the my 
ter is that industry—simply because; 
its competitive economic structure (cop 
pared to the European cartel stry 
ture)—is not motivated to be phila 
thropic on any appreciable scale. 1, 
record of industry bears out this ¢, 
nomic fact of life. How, for example, cy 
Company A justify the cost of resear 
grants in pure mathematics, the , 
sults of which are equally available, 
competitor Company B, which is » 
compelled to make a similar philanthr 
pic gesture? Under such circumstances 
Company B can underprice Company! 
in the market place and gain compe 
tive advantages at Company A’s 
pense. Company A is, not surprising) 
hesitant to do it this way again. Th 
simple economic pattern provides th 
answer both to why truly basic resear 
is the exception rather than the rule; 
American industry, and why industry 
at best a reluctant philanthropist. 

And if these competitive econon 
pressures were not enough to inhi 
corporate philanthropy, we can 
overlook the stockholder who is pr 
marily an investor and prefers to pe 
form his philanthropy personally a 
not through his ownership of corpora 
shares. 


National Concern for Education 
and Research 


Weare all in one way or another awa 
of some of these circumstances surrout 
ing education and basic research. Th 
Nation at large was confusedly arous 
to the general problem after the sp 
tacular launching of the first Sputnik: 
1957. Government has begun to reat 
and more funds are certainly becom 
available to uuiversities, but are like 
to be needed for educational and teat 
ing expansion first, and, only as 
serves that end, for research expansit 


Accepted Patterns Fall 
Short of Demand 


Regardless of the unbalance betwt 
supply and demand for new knowlet: 
it is apparent, and quite proper, tl 
university research expansion will ot 
tinue to be geared to the needs of t 
institution and its students, rather tli 
industry’s hunger for ideas. There # 
two distinct needs to be filled: First 
the training of new scientists involv 
their initial exposure to research; # 
second, the conducting of research its 
to fill the reservoirs of knowledge. ¥é 
the crux of the matter, a point t 
cannot be overemphasized, is that the 
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two important needs are not neces- 
sarily closely coupled. 

Upon consideration of the many fac- 
tors discussed in the foregoing para- 
graphs, we have come readily to agree 
with Dr. Harold Gershinowitz, presi- 
dent of Shell Development Corporation, 
who writes in American Scientist: ‘It 
just isn’t possible that enough work can 
be done in the universities even if they 
did all fundamental and no applied 
research.” 

Why, then, does not industry face 
up to the problem and begin to supply 
its own needs internally? In some 
technical industries where the market is 
stable or the product line widely di- 
verse, notable basic research has been 
fostered. But in others, like the aero- 
space or electronic industries, where the 
rate of turnover of product is rapid, 
very little long-range research has 
flourished. The intense competition in 
the market place for these industries 
has channeled practically all of the re- 
search talent into short-range, applied 
research, development, and product im- 
provement channels. 


The Random Nature 
of Basic Research 


As we have briefly indicated earlier, 
the characteristic nature of basic re- 
search itself, its meandering direction, 
its free and wide discussion and pub- 
lication of progress and results, the 
long time constants for its rumination, 
and its relative lack of proprietary pro- 
tection, make it extremely difficult to 
rationalize in any one company where 
competitors are not required to do like- 
wise. Moreover, by its very random- 
ness, the results of basic research often 
accrue to entirely different segments of 
society from those represented by the 
interests of the company funding it. 
This latter fact may be even more true 
in the aerospace industry than, for in- 
stance, in the chemical or pharmaceuti- 
cal industries. 

Basic research, statistically, benefits 
all in the long run, and all should be re- 
quired to provide its support. It fol- 
lows, then, that Government, through 
the public tax base, is, and should be, 
shouldering more and more of the costs 
of basic research. The public and the 
Congress are becoming ever more aware 
of this responsibility. 

One suggested implementation of this 
responsibility which has many advo- 
cates is that of establishing large, 
Government-owned, -operated, and -fi- 
nanced research centers, structured like 
the old NACA, or the Naval Research 
Laboratory, or AEC’S Los Alamos 
Laboratories. Such institutions have 
made notable records and yet, except in 
War-time emergency, they have all had 
difficulty, for many reasons, in attract- 
ing and keeping the best talent. And, 
like universities, their access to new 


working capital is also slow and cum- 
bersome, tied to deliberations by Con- 
gressmen, budget bureau economists, 
and others poorly equipped to recognize 
or cultivate the bud of a new, potentially 
exciting idea before it is proved. If 
basic research needs anything, it needs 
a freer access to ready funding for the 
initial nourishment of delicate sprouts 
of good ideas. 


Regardless of the many limitations 
considered, the problem still remains 
to be solved, even if a quite untried ap- 
proach is to be adopted. 


A New Concept Evolves 


The RIAS concept takes just such a 
tack, aiming to bring together readily 
available investment capital for the 
initiation of additional basic research, 
and Government funding for the sus- 
tained scientific effort, as it is deemed 
worthy of public support. Programs so 
funded must, of course, be judged by 
the same scientific standards that pre- 
vail for Government support of science 
in the best universities. 

Specifically, The Martin Company, in 
the role of entrepreneur, has provided 
the facilities of a large residential estate, 
invested substantially in renovation, 
utilities and laboratory facilities, library, 
lecture rooms, and instrument shop. It 
has provided management capability 
and associated services, stability of ef- 
fort, an atmosphere of academic free- 
dom for study and whatever else it is 
possible to provide for the expansion of 
science. This includes an enthusiastic 
attitude toward bringing the pursuit of 
broad studies in science out of seclusion 
and into the public consciousness as a 
major national avocation—even as is the 
prestige-motivated exploitation of space 
today. 

Such entrepreneuring investment re- 
quires a return on capital in the Govern- 
ment contracting which follows if such 
capital is to continue to be attracted to 
further energetic expansion. RIAS be- 
lieves it is as important to study pure 
mathematics as it is to launch a space 
ship. Both activities can, and should 
be, in our economy, attractive to the 
vigor of private enterprise. Neither 
one is of practical value today, yet both 
are important national investments in 
the future. 

It is at this point that the RIAS ap- 
proach breaks sharply with the tradi- 
tional patterns, for the concept of a 
profit for the study of pure mathe- 
matics, regardless of its excellence, 
simply has no precedent! As a conse- 


quence, it often meets with blind, essen- 
tially emotional opposition, even by 
those most professedly looking for new 
approaches to the expansion of science, 
as directed by Congress in the charter of 
the National Science Foundation. 
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haps in our free-enterprise society, it is 
time to lay to rest the dogma that 
“science” and “nonprofit” must be 
synonymous. 


5 Years of Progress 


While this pattern may for some time 
be a controversial one, it has been meet- 
ing with encouraging success, and at this 
point, after 5 years’ experience, ap- 
proximately 50 per cent of RIAS costs 
are being funded by a score of con- 
tracts and grants from Government, 
most of which earn a return on invest- 
ment in the short run for research which 
will be of value to all in the long run. 

The costs are not huge for this experi- 
ment, for RIAS presently is staffed by 
some 60 scientists and 85 total person- 
pel, but the idea behind its funding is a 
most important feature. In the first 
place, it holds that basic research in its 
broadest sense should be able to stand 
on its own feet financially providing a 
national resource of knowledge in the 
public interest, neither beholden to 
philanthropy as suppliant, nor com- 
peting for funds in the lopsided struggle 
with short-term, applied research for 
internal industrial financing. In the 
second place, the principle goes a long 
way toward insuring that pressures of 
impatience for product results will not 
engulf its more esoteric, long-range 
programs. An institute like RIAS 
may become more attractive to top 
quality basic research talent than most 
other industrially owned enterprises. 
Third, by reason of the risk of failure 
inherent in any enterprise which must 
compete for its continuing sustenance, 
the motivations toward the pursuit of 
excellence are repeatedly sharpened. 
It is not quite ‘Green Pastures,” and 
no historian will deny that man is most 
creative when he is a little hungry! 


Staffing of RIAS 


Since its objective is basic research, 
the caliber of the work at RIAS is a 
major criterion, not its direction. The 
choice in staffing has been between in- 
dividuals in terms of their qualifications 
and dedication to basic science. The 
staff has, in turn, determined the direc- 
tion of study, rather than the reverse. 

As it has evolved since, scientists with 
similar interests have grouped together. 
The present complement includes indi- 
viduals studying theoretical physics, 
including relativity and nuclear particle 
physics, and experimentalists engaged 
in cosmic-ray and solid-state physics. 
One cosmic ray experiment has been 
launched into orbit in the Explorer VII 
satellite. In mathematics, RIAS has 
established a Center for the study of 
nonlinear differential equations, which 
at present includes 18 mathematicians, 
half of whom are visiting scientists 
from foreign lands. This activity is 
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Transmission 
& Recording 

Power Generation 
& Transmission 


Measurement System Without Using 
High Precision Tracking Radar 


Measuring ICBM trajectories, the “down-range” system should be at 
least 5 times as accurate as the guidance system it is measuring. 


MISTRAM (Missile Trajectory Measurement System), now under 
development at G.E.’s Defense Systems Department, will surpass this 
accuracy factor — providing one full order of magnitude — without: the 
aid of large, precision radar tracking equipment. 


This unusual concept involves a geometric arrangement of five 
ground radio receiving stations. Missile position, trajectory and veloci- 
ties are continuously calculated with a high degree of accuracy from 
phase differences in a beacon signal received from the missile. Radar is 
used only to orient the radio receiving antennas in the general direction 


Prerequisite to the engineering feasibility of MISTRAM was an 
important advance in phase stabilization achieved at DSD. Ultimately, 
this technique will permit extension of MISTRAM to global ranges, 
satellite tracking, space guidance and hypersonic traffic control. 


Digital & Analog 
Computing 

C-W Radars 

Feedback Control 

Airborne Transponders 

Microwave 
Communications 

Acquisition & Tracking 


Write in confidence to Mr. E. A. Smith, Dept. 2-x 
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now the most extensive in this field iP 


the entire free world. 
Metallurgy research at RIAS include 
theoretical and experimental studies jy 


dislocation theory, surface properti« 


dispersion-hardened alloys, 
faults and inquiry into the fundamentg/] 


stackin: 


structures of metals and ceramics, \§ 


deeper understanding of photosyntheg 
is a goal of the Biosciences Grow 


Studies here are conducted by sctentiagy 


whose backgrounds include biophysics, 


biochemistry, and plant physiology 
Smaller groups are evolving in quantun 


chemistry and other areas of theoreti 
chemistry, thermodynamics, and groy é 


theory. 
buttressed by the most modern instr, 
ment and laboratory facilities. 

The staff has been encouraged 
publish freely in the scientific journak| 


The experimental research 


All groups engage in regular seminar) 
and lectures, open to all who are inte. 


ested. Attendance usually  includs§ 
visitors from several universities anjl 
companies, a number of them in res 
dence. 

We often hear objections to conduct 
ing basic research outside the campy 
from those who feel strongly that teac 
ing duties stimulate valuable cros 
fertilization between faculty and stv 
dents. While no formal teaching is r 
quired at RIAS, teaching and stud 
flow naturally from the wide range i 
ages of the staff members. Moreover 
several scientists do teach at their om 
option in a number of nearby unive: 
sities. 

While it is not appropriate here t 
judge the progress of RIAS within th 
scientific community, numerous pub 
lications and invitations to the stafft 
give outside seminars on their work ar 
very reassuring. 

There is another not-insignificatt 
factor in the operation which we belie 
has already been well worth the sever 
million dollars expended by The Marti 
Company in RIAS. This has to do wit 
the subtle interactions which have & 
veloped between the scientists and eng 
neers. There is frequent interchange(l 
information through open seminars atl 
consultations—working both ways 
but especially from the scientific staff 
research engineers from the several ¢ 
gineering divisions of the Company. 

To be sure, in principle, Martin Cor 
pany engineers might call informally i 
consultation with faculty of any of th 
universities, and vet, in practice, li 
many psychological, financial, and pr 
tocol reasons, very little of it actual 
takes place on a truly casual bas 
Since the establishment of RIAS, " 
have been surprised to note the mutt! 
cross-fertilization engendered. Mot 
over, RIAS has served as a stimulus! 
initiate more intellectually profow 
attitudes within the Company’s et! 


(Continued on page 78) 
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Personnel Uoportunites 


This section is for the use of individual members of the Institute 
seeking new connections and eligible organizations offering em- 
ployment to specialists in the aero/space industry. Any member 
or eligible organization may have requirements listed without 
charge by writing to the Secretary of the Institute. 


Wanted 


101. Missiles Design Engineer—One of 
the country’s leading companies seeks a 
creative preliminary design engineer with 
experience to participate and lead in the 
formulation of new concepts for systems 
design directed toward proposals. Ad- 
vanced conceptual state-of-the-art thinking 
founded on broad base missile structure and 
design experience is required. Excellent 
career growth opportunity. Salary in five 
figures depending on background. 


Computer Specialists, Systems Engineers, 
Mathematicians, Physicists—M.S. or higher 
required for most positions. Men who can 
analyze aircraft systems for simulation, 
develop analog and digital computer sys- 
tems for simulation of aircraft behavior, 
generate input-output block diagrams and 
logic designs, analyze physical systems, make 
statistical and nonlinear systems analyses, 
develop undersea warfare concepts and 
feasibility studies. Many other types of 
openings for top-flight men. Send detailed 
résumé of qualifications to C. G. Jones, 
Manager, Scientific and Technical Personnel, 
Goodyear Aircraft Corp., Akron 15, Ohio. 


Professors—Air Force Institute of Tech- 
nology, Wright-Patterson AFB, Ohio, has a 
vacancy in the Department of Mathematics. 
Most of the work is at advanced under- 
graduate and graduate levels. One quarter 
out of four free of teaching duties for research 
or other academic pursuits, plus vacation. 
Employment will be effected in accordance 
with Civil Service regulations. Rank and 
salary will depend upon qualifications of 
applicant and may be anywhere between 
assistant professor, GS-11, $7,560, and full 
Professor, GS-13, $10,635. Applications 
should be made on Standard Form 57, 
available at any Post Office, or by letter to 
Head, Dept. of Mathematics, Institute of 
Technology, Wright-Patterson AFB, Ohio. 


_ Graduate Assistants—Staff Members— 
University of Kansas, Dept. of Aeronau- 


tical Engineering, Lawrence, Kan., has 
openings for Graduate Assistants and two 
full-time staff members between now and 
September 1961, to teach courses in aero- 
dynamics (basic, theoretical, compressible 
flow, and hypersonics); mechanics of flight 


(including stability and control, aircraft 
design, and aircraft dynamics); aircraft 
structures; wind tunnel and other aero- 


nautical laboratories. Salary and academic 
rank will depend upon education and experi- 
ence. Write Ammon S. Andes, Chairman, 
giving training, teaching interest, starting 
rank and salary desired. Teaching load will 
be reduced when staff engages in research. 
Plans are complete for new building, money 
is partly appropriated. 


Professor or Associate Professor—To 
teach courses in aerospace and mechanical 
engineering at both undergraduate and 
graduate levels and direct graduate research. 
The new expanding graduate (65 full-time 
graduate students) and research program will 
require that applicants have Ph.D. or 
equivalent. Rank and salary will depend 
on qualifications. Address inquiries and 
send personal data to H. D. Christensen, 
Head, Mechanical Engineering Dept., Uni- 
versity of Arizona, Tucson, Ariz. 


Senior Engineer—With a B.S. Aero., 
Civil, or Mechanical Engineering degree who 
has had 6 years of aircraft and/or missile 
stress analysis experience. It is desirous 
that he have some familiarity with aero- 
thermoelastic stress phenomena. We desire 
that this person have initiative and leader- 
ship qualities. Apply to The Bendix Corp., 
Bendix Mishawaka Div., Mishawaka, Ind. 


Available 


999. British Aeronautical Engineer—De- 
sires to work for United States firm in Eu- 
rope, business aviation particularly. Twelve 
years’ experience in aeronautical and con- 
sulting engineering. Qualified as designer 
and stressman; management trained at 


The number preceding the notice represents the 
Box Number of the Institute of the Aerospace 
Sciences, Inc., 2 East 64th Street, New York 21, N.Y., 


to which inquiries should be addressed. 
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U.S. university; pilot’s license. Résumé 


on request. 


998. Aeronautical Engineer—M.S., with 
some 30 years’ background in teaching, 
industry, and applied research; desires to 
continue working in the field of subsonic 
aerodynamics. Also interested in full- or 
part-time teaching of Russian language, or 
evaluating and translating scientific papers. 


997. Consulting Management Engineer— 
M.S.M.E.; B.S.M.E.; age 37. Available 
as private consultant on PERT/PEP 
computerized management techniques. Suc- 
cessful direct industrial experience in de- 
velopment and application of PERT to 
portions of the Polaris program; developed 
new methods of introducing flexibility into 
cost and budget systems; specific, low-cost 
methods of adding cost to PERT/PEP. 
Experienced in solid rocket design, aircraft 
missile environmental control systems design 
and development, Air Force R&D manage- 
ment, and facilities planning and construc- 
tion. 


006. Aeroengineering Executive—Heavy 
background in engineering management; 
technical director, chief engineer, and division 
general manager in aircraft manufacture in 
small and medium-size companies. Tech- 
nical area of specialization in aircraft struc- 
tures, and project experience in liquid rocket 
engine controls. Responsibilities have in- 
cluded direction of and participation in 
entire aircraft programs from concept 
through design, manufacture, and_ static 
and flight testing. Have proved background 
of inspiring loyalty and application to prob- 
lems in team members and producing results. 
Age 44, B.S. and Master’s degrees in Aero. 
Eng., AF of IAS, FAA-Designated Eng. 
Representative, Licensed Professional Engi- 
neer. Position desired as staff engineer, 
project manager, chief engineer, division 
manager, etc. 


995. Aeronautical Engineer—M.Ae., 
B.Ae. Four years’ experience in R&D of 
gas turbines and other advanced projects 
connected with propulsion. Excellent back- 
ground in aerothermodynamics, boundary- 
layer theory, gas dynamics, and compressible 
flows. Desires responsible position with 
growth potential and possibly with some 
administrative functions in the aerospace 
industry. 


100. Mathematician—Age 25; B-Sc.; 
good background in theoretical fluid me- 
chanics and automatic computing; seeks posi- 
tion for September 1961. Full details on 
request. 
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RIAS, Continued from page 76 


neering and applied research activities. 
Inter- and intra-divisional technical 
seminars and conferences have blos- 
somed to a remarkable degree, and we 
believe engineering recruiting has been 
assisted by recognition on the part of 
applicants of enlightened management 
orientation toward research in general. 
RIAS, from Company management’s 
viewpoint, has, in a sense, opened a 
window of exposure to science which 
spreads more light on a company’s tech- 
nical problems than existed previously. 


While RIAS staff scientists have no 
obligations whatsoever to take even 
partial-time work assignments from 
any part of the Company, they seem to 
enjoy the interchange of information 
which prevails with the engineering and 
And this volun- 
tary symbiosis we have felt to be a most 
important technological asset in a quite 
industry. 

It has always been one of the objec- 
tives of the Martin Company manage- 


Management groups. 


+ + + 


ment in pioneering the unorthodox ap. 


proach being followed at RIAS t 
establish near the far end of the spe. 
trum of basic research an experiment,| 
point in an investment-based enter. | 
It is hoped that by so doing 
others might, in noting this experiment 
embark upon perhaps related patterns— 
perhaps more successful ones—to th 
end objective of expanding by an orde 
of magnitude the scientific base upo 
which our aerospace industry, the mos 
technological of them all, must depen 
for its vigor in the decades ahead 
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FF-29 Design Principles for a General FF-4 Finite Deflections of Curved Sandwich 
Plates and Sandwich Cylinders— 
$3.00 $6.00 F.K. Teichmenn and Chi-Teh Weng. $0.50 $0.85 
ui otion—Max unk 4.00 
Tank, St Inst. of Tech. 1.20 1.60 
FF-27 A Magnetic Support for Floated Inertial 
4 mi 0 ow Through Axi-Symmetric Ducts 
W. G. Denhard, ond R. H. Frazier 2.00 — with Prescribed Wall Contours— 
FF-26 Proceedings Charles E. Mack, Jr., and Ignace I. 
. J. Lina, aglieri, H. ner. 
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and C. M. Stuart. 1.50 3.00 Towing Tank, Stevens !nst. Tech. 1.20 1.60 
FF-18 On the Main Sprey Generated by 167 On the Pressure Distribution for « 
laning Surfaces—Daniel Savitsky Wedge Penetrating a Fluid Surface 
and John P. Breslin. 0.75 25 —Experimental ‘owing _ Tank, 
FF-17 Atomic Reactors (a Symposium). 1.25 1.75 Stevens Inst. of Tech. 0.75 1.00 
FF-14 Philoso- 106 Measurement of Tem- 
phies (a symposium). UU erature in ight—W. Lavern 
FF-12 Transonic Testing Techniques (¢ Sym- owlend. 0.35 0.50 
posium). 1.85 2.50 104 Tensor Analysis of Aircraft Structural 
FF-10 Improved Solutions of the Faulkner Vibration—Cherles E. Mack, Jr. 1.85 2.50 
= mit 2 ied to Wind-tunnel Balances— 
FF-9 A Hydrodynamic Study of the Chines- Imer C. Lunbauist. 0.60 0.80 
Planing Body—Experimental 101 Introduction to Shock Wave Theory— 
Towing Tank, Stevens Inst. of Tech. 1.20 1.6 x ‘offin. 2.65 3.50 
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Twenty-Ninth Annual Meeting, New York, January 23-25, 1961* 


Sandwich Construction for Primary Structure of Ballistic Missiles and Space 
Vehicles—Ralph F. Foral 


Design Procedures for Structures Under Non-uniform Temperature Distribu- 
tion. |. Axial Loads and Bending Moments—B. E. Gatewood and 
R. W. Gehring 


Experimental Investigation of Lithium Hydride and Water Absorbers as 
Possible Heat-sink Materials for Hypersonic and Reentry Vehicles— 
R. O. Hickel, R. P. Cochran, C. R. Morse and R. P. Dengler 


Optimum Design of Integral Fuselage Propellant Tanks for Use in High 
creme Aircraft—lvan Rattinger, Alexander Krivetsky and Richard H. 
Gallagher 


Change of Satellite Orbit Plane by Aerodynamic Maneuvering—Howard 
S. London 


Determination of the Lift or Drag Program that Minimizes Re-entry Heating 
with Acceleration cr Range Constraints Using a Steepest Descent Compute- 
tion Procedure—A. E. Bryson, W. F. Denham, F. J. Carroll and K. Mikami 


Variation of Parameters for Near Circular and Low Inclination Orbits— 
Samuel Pines 


Asymptotic Expansions of the Solutions of the Equations of Motion in the 
Earth-Moon Space—A. Zukerman 


Guidance Error Analysis of Satellite Trajectories—Herold S. Braham and 
Lionel J. Skidmore 


Preliminary Comparison of Air and Ground Launching of Satellite Rendezvous 
Vehicles—T. N. Edelbaum 


Analysis of the Vertical Floating (Hydra) Launch of Rocket Vehicles— 
J.E. Draim and C. E. Stalzer 


Corrosion Problems Encountered in Silo Storage of Missiles—Leo E. Gatzek 

Thermal Stresses in the Bending of Ogival Shells—C. N. De Silva 

~— and Deformations of the Thin-walled Pressurized Torus—Peter F. 
lordan 


General Formulas for Influence Coefficients for Thin Spherical Shells— 
Nicholas J. Hoff 


A Criterion for Dynamic Buckling of Shallow Shells under Uniform Impulsive 
Loading—John S. Humphreys and Sol R. Bodner 


On the Design of Hypersonic Aircraft—Hans Multhopp 
Space Cooling Procedures—Martin Macklin 


General Considerations for Satellite Attitude Control Systems—John S. 
White and James S. Pappas 


Liquid Behavior in a Zero-G Field—Ta Li 


Application of Inequality Constraints to Variational Problems of Lifting 
Re-entry—Ely S. Levinsky 


On the PLK Method and the Supersonic Blunt Body Problem—Roberto 
Vaglio-Laurin 


Viscous and Inviscid Non-equilibrium Gas Flows—Robert J. Whalen 
Elements of Solar Collector Design—D. L. Dresser 


Variation of Rotor Dynamic Response by Self-contained Mechanical Feed- 
back—G. J. Sissingh 


Helicopter Tire Design to Control Mechanical Instability—Robert Jones 
Future Performance Capabilities of Rotary Wing VTOL Aircraft—Paul J. 


arpenter 
An Experimental Investigation of Stall Fluttee—Norman D. Ham 


An Investigation of Improved Flying Qualities for Tandem Rector Helicopters— 
John A. DeTore 


Bending Vibrations of a Perforated Grain Solid Propellant Rocket During 
Powered Flight—Sidney Birnbaum 


Unsteady Aerodynamic Forces on Slender Supersonic Aircraft With Flexible 
Wings and Bodies—John E. Yates and E. F. E. Zeijdel 
The Response of Linear Systems to Inhomogeneous Random Excitation—M. 
otman 
Development of a Quasi-Steady Approach to Flutter and Correlation of 
uasi-Steady and Kernel Function Flutter Analyses—S. |. Gravitz, W. R 
Laidlaw, W. W. Bryce and R. E. Cooper 
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